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Abstract 

The  purpose  of  our  studies  supported  by  this  DOD  award  has  been  to  characterize  the  signaling 
pathways  and  interacting  proteins  that  contribute  to  increased  androgen  receptor  (AR)  mediated  gene 
activation  in  recurrent  prostate  cancer.  We  have  followed  up  our  previous  studies  on  the  AR  by 
focusing  on  the  EGF  and  heregulin-induced  signaling  pathways.  We  have  used  traditional  yeast  two 
hybrid  screening  methods  to  identify  two  key  regulatory  proteins  that  interact  with  AR.  In  collaborative 
studies  with  Dr.  James  Mohler,  the  levels  of  several  androgen  metabolites  were  determined  in  prostate 
cancer  tissue  specimens.  In  collaboration  with  Robert  Gampe  at  GlaxoSmithKline,  we  determined  the 
structural  basis  for  FXXLF  and  LXXLL  motif  binding  to  AR  AF2  in  the  ligand  binding  domain.  In 
collaboration  with  Dr.  Shelly  Earp,  we  determined  the  presence  of  HER2  and  HER3  receptors  in  the 
CWR-R1  prostate  cancer  cell  line  derived  from  the  CWR22  recurrent  human  xenograft  propagated  in 
nude  mice.  We  established  the  functional  basis  for  an  AR  mutation  in  prostate  cancer  that  involves 
increased  AR  recruitment  of  the  SRC/p160  coactivators.  Previously  we  reported  increased  levels  of 
SRC1  and  TIF2  in  prostate  cancer  specimens  obtained  after  recurrent  growth  following  androgen 
ablation  therapy.  As  outlined  below,  our  studies  have  led  to  several  important  conclusions  regarding  AR 
function  in  prostate  cancer  cells.  Importantly,  the  work  has  set  the  stage  for  our  continued  experiments 
designed  to  understand  AR  functional  activity  in  prostate  cancer. 

Subject  terms/keywords 

androgen  receptor,  coactivators,  EGF,  prostate  cancer,  FXXLF  motif,  LXXLL  motif,  HER2,  HER3, 
CHIP,  MAGE-11,  dominant  negative 

Introduction 

The  objective  of  our  studies  has  been  to  understand  how  the  androgen  receptor  (AR)  contributes  to 
prostate  cancer  development  and  progression.  In  particular,  we  have  performed  studies  to  determine 
the  role  of  EGF  and  heregulin-induced  signaling  pathways  in  AR  transcriptional  activity.  We  have 
sought  to  identify  key  AR  interacting  proteins  that  are  modulated  by  MAP  kinase  signaling  and 
determine  how  they  increase  AR  activity  in  prostate  cancer.  Our  statement  of  work  was  to: 

1 .  Further  evaluate  the  expression  of  SRC1  and  TIF2  in  androgen  dependent  and  recurrent 
prostate  cancer  specimens  and  the  CWR22  human  prostate  cancer  xenograft  model  using 
quantitative  immunohistochemistry. 

2.  Establish  the  effects  of  SRC1  and  TIF2  overexpression  and  phosphorylation  on  AR  function. 

3.  Identify  the  kinase  signaling  pathways  involved  in  SRC1  and  TIF2  phosphorylation  and 
determine  their  growth  promoting  effects  on  prostate  cancer  cells. 

During  the  funding  period  of  this  DOD  Award,  Christopher  Gregory,  the  original  grantee,  left  UNC 
Chapel  Hill  for  a  position  in  industry.  The  grant  was  reassigned  by  the  US  Army  Medical  Research  and 
Materiel  Command  to  Elizabeth  M.  Wilson,  who  carried  on  the  project  and  who  is  submitting  this  final 
progress  report.  The  work  aims  expanded  somewhat  during  this  transition  to  include  AR  interacting 
proteins  that  are  influenced  by  SRC1  and  TIF2  and  are  impacted  by  the  EGF  and  heregulin-induced 
signaling  pathways.  There  was  a  no-cost  extension  of  the  funding  period  from  January  2005  through 
January  2006. 

Body 

Mechanism  of  EGF-induced  increase  in  androgen  receptor  (AR)  function-Growth  of  normal  and 
neoplastic  prostate  is  mediated  by  the  AR.  AR  is  highly  expressed  in  recurrent  prostate  cancer  cells 
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that  proliferate  despite  reduced  circulating  androgen.  We  investigated  the  mechanisms  involved  in 
epidermal  growth  factor  (EGF)-induced  increase  in  AR  transcriptional  activity  in  recurrent  prostate 
cancer  cells.  We  showed  that  EGF  and  heregulin  increase  AR  transactivation  in  the  presence  of 
androgen  by  increasing  TIF2  phosphorylation  mediated  through  MAP  kinase  signaling  pathways.  The 
response  was  blocked  by  IRESSA  and  GW2016,  inhibitors  of  ErbBI  and  ErbB2.  EGF  signaling 
increased  coimmunoprecipitation  of  TIF2  and  AR,  and  AR  transactivation  and  its  stimulation  by  EGF 
was  reduced  by  siRNA  inhibition  of  TIF2  expression.  The  data  suggest  that  recurrent  prostate  cancer 
establishes  an  autocrine  loop  for  TGFa/EGF  and  EGF  receptors  that  is  recapitulated  in  the  recurrent 
CWR22  xenograft  and  CWR22-R1  cell  line  and  that  these  signaling  pathways  increase  AR 
transactivation  in  recurrent  prostate  cancer. 

Gregory  CW,  Fei  X,  Ponguta  LA,  He  B,  Bill  HM,  French  FS,  Wilson  EM  2004  Epidermal  growth 
factor  increases  coactivation  of  the  androgen  receptor  in  recurrent  prostate  cancer.  J  Biol  Chem 
279:7119-7130 

Androgen  levels  in  recurrent  prostate  cancer  tissue-Prostate  cancer  that  recurs  after  androgen 
deprivation  therapy  grows  in  the  absence  of  testicular  androgens.  The  concept  of  complete  androgen 
blockade  has  recently  come  into  question  based  on  poor  survival  of  men  with  advanced  prostate 
cancer  and  high  levels  of  expression  of  AR  and  AR  regulated  genes.  The  androgen  axis  was  evaluated 
in  tissue  specimens  of  recurrent  prostate  cancer  after  androgen  deprivation  therapy  and  in  benign 
prostate  specimens.  Immunohistochemical  analysis  was  performed  using  antigen-retrieval,  monoclonal 
AR  antibody  and  automated  digital  video  image  analysis.  Steroid  hormones  were  assayed  in  extracts  of 
frozen  tissue  using  RIA.  AR  immunostaining  in  recurrent  prostate  cancer  was  similar  to  that  of  benign 
prostate.  Tissue  levels  of  DHT  (1.12  nM),  DHEA,  DHEA  sulfate  and  androstenedione  were  lower  in 
recurrent  cancer  in  castrate  men  than  in  benign  prostate.  Tissue  levels  of  testosterone  were  similar  in 
recurrent  prostate  cancer  (3.25  nM)  and  benign  prostate  (3.27  nM).  Tissue  levels  of  the  androgen 
regulated  gene  product  PSA,  were  1/10  the  level  in  benign  prostate,  a  ratio  similar  to  that  described  for 
benign  and  androgen  stimulated  prostate  cancer  reported  by  others.  We  concluded  that  testosterone 
and  DHT  occur  in  recurrent  prostate  cancer  tissue  at  levels  sufficient  to  activate  AR.  With  prostate 
cancer  recurrence,  complete  androgen  blockade  does  not  significantly  alter  tissue  testosterone  levels. 

Mohler  JL,  Gregory  CW,  Ford  OH,  Kim  D,  Weaver  CM,  Petrusz  P,  Wilson  EM,  French  FS  2004  The 
androgen  axis  in  recurrent  prostate  cancer,  Clin  Can  Res  10:440-448 

A  role  for  HER2  (Erb2)  and  HER3  (ErbB3)  in  AR  activation-ln  prostate  tumors  that  recur  after 
androgen  withdrawal,  AR  is  highly  expressed  and  transcriptionally  active  in  the  absence  of  testicular 
androgens.  Alternative  means  of  AR  activation  have  been  invoked,  including  regulation  by  growth 
factors  and  their  receptors  in  prostate  cancer  recurrence.  Stimulation  by  EGF  and  heregulin  activates 
downstream  signaling,  including  mitogen  activated  protein  kinase  and  PI3-kinase  and  Akt  pathways. 
Here  we  show  HER  receptor  tyrosine  kinases  1  through  4  are  expressed  in  CWR-R1  cell  line  derived 
from  the  CWR22  recurrent  prostate  cancer  xenograft.  Heregulin  activates  HER2  (ErbB2)  and  HER3 
(ErbB3)  and  increases  androgen  dependent  AR  activation  of  reporter  genes  in  CWR-R1  cells.  Basal 
proliferation  in  the  absence  of  growth  factors  was  inhibited  by  the  HER1  (ErbBI)  and  HER2  (ErbB2) 
inhibitor  GW572016  (lapatinib)  to  a  greater  extent  than  the  HER1  (ErbBI)  specific  inhibitor  ZD1839 
(gefitinib),  suggesting  that  low  level  HER2  and  HER3  activation  by  an  autocrine  pathway  promotes  cell 
proliferation.  The  data  indicate  that  heregulin  signaling  through  HER2  and  HER3  increases  AR 
transactivation  and  alters  growth  in  a  recurrent  prostate  cancer  cell  line.  Inhibition  of  low  level  HER2 
signaling  may  be  a  potential  novel  therapeutic  strategy  in  prostate  cancer. 

Gregory  CW,  Whang  YE,  McCall  W,  Fei  X,  Liu  Y,  Ponguta  LA,  French  FS,  Wilson  EM,  Earp  HS 
2005  Heregulin-induced  activation  of  HER2  and  HER3  increases  androgen  receptor  transactivation 
and  CWR-R1  human  recurrent  prostate  cancer  cell  growth,  Clin  Cancer  Res  11:1704-1712 
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Repression  of  AR  function  and  proliferation  of  the  recurrent  prostate  cancer  CWR-R1  cell 
line  using  dominant  negatives  and  RNA  interference-Our  objective  was  to  inhibit  AR  and 
decrease  AR  transactivation  and  decrease  prostate  cancer  cell  proliferation.  We  transiently 
transfected  two  dominant  negative  AR  mutants  (AR122-HDAC-KRAB  and  ARA1 42-337)  and  AR 
siRNA  in  CWR-R1  prostate  cancer  cells  to  determine  the  effect  on  DHT  and  DHT  plus  EGF- 
mediated  AR  transactivation  using  MMTV-  and  PSA-luciferase  reporter  genes.  We  also  targeted 
AR  coactivators  TIF2  and  SRC1  by  transfecting  double-stranded  siRNAs  for  RNA  interference.  We 
performed  cell  proliferation  assays  comparing  transfected  and  untransfected  CWR-R1  cells  with 
and  without  DHT  to  establish  the  effects  on  cell  proliferation.  We  found  that  the  dominant  negative 
AR  mutants  and  AR  siRNA  repress  AR  transcriptional  activation  and  inhibit  cell  proliferation  -50%. 
Silencing  the  SRC/pi 60  coactivators  resulted  in  75-90%  inhibition  of  DHT  and  DHT  plus  EGF- 
mediated  AR  transactivation.  Our  data  indicate  that  proliferation  of  CWR-R1  cells  can  be  inhibited 
by  directly  silencing  AR  by  expressing  dominant  negative  AR  protein  or  AR  siRNA  and  that  AR 
transactivation  is  decreased  by  targeting  the  AR  coactivators  SRC1  and  TIF2. 

Ponguta  LA,  Bill  HM,  Fei  X,  Chen  Y,  Gregory  CW  2004  Repression  of  androgen  receptor 
function  and  cellular  proliferation  in  the  CWR-R1  recurrent  prostate  cancer  cell  line  with 
dominant  negatives  and  RNA  interference.  FASEB  J  18:A935  (Selected  for  the  Chugai  Award 
Lecture  and  Symposium  for  Young  Investigators,  American  Society  for  Investigative  Pathology 
Minisymposium,  Experimental  Biology  Meeting  2004,  Washington,  DC.) 

Identification  of  CHIP  as  an  AR  interacting  protein  that  increases  the  degradation  of  AR-The 

NH2-terminal  sequence  of  steroid  receptors  is  highly  variable  between  different  receptors  and  among 
the  same  receptor  from  different  species.  Two  activation  regions  of  the  AR  NH2-terminal  region,  AF1 
and  AF3,  lack  significant  sequence  conservation  across  species.  It  is  likely  that  the  NH2-terminal 
activation  domains  evolved  in  parallel  with  their  interacting  partners.  In  contrast,  the  carboxyl-terminal 
region  of  steroid  receptors,  including  AF2,  is  structurally  conserved. 

To  better  understand  the  functional  properties  of  the  AR  NH2-terminal  domain,  we  initiated  a 
structure-function  study  by  searching  for  evolutionarily  conserved  sequences  that  predict  a  critical  role 
in  AR  function.  Our  approach  was  based  in  part  on  studies  of  the  AR  NH2-terminal  FXXLF  motif,  which 
is  one  of  few  highly  conserved  regions  in  the  AR  NH2-terminal  domain.  A  primary  sequence  homology 
comparison  identified  a  14  amino  acid  conserved  region  of  human  AR  with  the  sequence 
234AKELCKAVSVSMGL247  that  is  common  in  AR  from  all  species  reported  including  the  lower 
vertebrates.  Presence  of  the  conserved  sequence  in  AR  and  a  homologous  sequence  in  GR  and 
absence  from  other  steroid  receptors  suggests  convergent  evolution. 

Based  on  the  premise  that  strict  amino  acid  sequence  conservation  predicts  a  site  of  critical  function, 
we  investigated  the  functional  importance  of  human  AR  residues  234-247  using  a  yeast  two  hybrid 
screen.  CHIP,  the  carboxyl-terminus  of  Hsp70-interacting  protein,  was  identified  as  a  binding  partner. 
We  found  that  CHIP  functions  as  a  negative  regulator  of  AR  transcriptional  activity  by  promoting  AR 
degradation.  Our  results  suggest  that  the  AR  NH2-terminal  domain  contains  an  evolutionarily  conserved 
NH2-terminal  signature  motif  that  functions  to  limit  AR  transcriptional  activity.  The  conserved  motif  lacks 
intrinsic  transcriptional  activity  per  se,  but  contributes  to  the  transcriptional  response  of  a  larger  region 
between  residues  220-270.  The  work  demonstrates  that  the  combination  of  comparative  sequence 
alignment  and  yeast  two  hybrid  screening  using  short  conserved  peptides  as  bait  is  an  effective 
strategy  to  probe  the  structure-function  relationships  of  steroid  receptor  NH2-terminal  domains  and 
other  intrinsically  unstructured  transcriptional  regulatory  proteins.  CHIP  is  highly  conserved  across 
species  and  interacts  with  a  sequence  that  is  strictly  conserved  through  the  entire  AR  gene  family. 
Coexpression  studies  show  that  CHIP  limits  AR  function  most  likely  through  its  previously  described 
role  in  ubiquitylation. 

He  B,  Bai  S,  Hnat  AT,  Kalman  Rl,  Minges  JT,  Patterson  C,  Wilson  EM  2004  An  androgen  receptor 
NH2-terminal  signature  motif  interacts  with  carboxyl  terminus  of  Hsp70-interacting  protein  CHIP.  J 
Biol  Chem  279:30643-30653 
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Identification  of  MAGE-11  as  an  AR  interacting  protein  that  modulates  AR  activity-Gene 

activation  by  steroid  hormone  receptors  involves  the  recruitment  of  the  SRC/p160  coactivator  LXXLL 
motifs  to  activation  function  2  (AF2)  in  the  ligand  binding  domain.  For  AR,  AF2  also  serves  as  the 
interaction  site  for  the  AR  NH2-terminal  FXXLF  motif  in  the  androgen  dependent  NH2-  and  carboxyl 
(N/C)  interaction.  The  relative  importance  of  the  AR  AF2  site  was  unclear  since  the  AR  FXXLF  motif 
interferes  with  coactivator  recruitment  by  competitive  inhibition  of  LXXLL  motif  binding.  Preference  for 
FXXLF  binding  by  AF2,  but  adaptability  to  coactivator  LXXLL  motif  binding,  brought  into  question  the 
role  of  the  SRC/pi 60  family  of  coactivators  in  AR  functional  activity.  These  observations  led  us  to 
postulate  the  existence  of  an  AR  coregulator  that  binds  the  AR  FXXLF  motif  that  could  expose  the  AF2 
site  to  coactivator  binding. 

We  made  use  of  the  AR  NH2-terminal  FXXLF  peptide  as  bait  in  a  yeast  two  hybrid  screen  of  a 
human  testis  library  and  identified  the  melanoma  antigen  gene  product,  MAGE-11,  as  a  novel  AR 
coregulator  that  specifically  binds  the  AR  NH2-terminal  FXXLF  motif.  The  molecular  interaction  between 
AR  and  MAGE-1 1  in  the  absence  and  presence  of  androgen  is  supported  by  their  intracellular 
colocalization,  coimmunoprecipitation,  GST  affinity  matrix  binding,  and  by  MAGE-1 1-induced  increases 
in  AR  transcriptional  activity  and  ligand  dissociation.  MAGE-11  forms  a  stable  complex  with  the  ligand 
free  AR  that  results  in  increased  AR  stability  in  the  absence  of  androgen.  Increased  AR  stabilization  in 
the  absence  of  androgen  raises  AR  protein  levels,  which  likely  contributes  to  the  increase  in  AR 
transcriptional  activity  in  the  presence  of  MAGE-1 1.  In  contrast,  binding  of  a  strong  agonist  such  as 
DHT  decreases  the  association  between  AR  and  MAGE-11.  This  is  consistent  with  competition  by 
MAGE-1 1  for  the  androgen-induced  interaction  between  the  AR  FXXLF  motif  and  AF2. 

We  found  that  MAGE-1 1  competes  for  the  androgen-induced  AR  N/C  interaction  by  specifically 
binding  the  AR  FXXLF  motif  and  relieves  inhibition  at  AF2.  Binding  of  MAGE-1 1  to  the  AR  FXXLF  a 
helical  region  stabilizes  the  ligand-free  AR,  and  in  presence  of  an  agonist,  increases  exposure  of  AF2 
to  the  recruitment  and  activation  by  the  SRC/pi 60  coactivators.  Intracellular  association  between  AR 
and  MAGE-11  is  supported  by  their  coimmunoprecipitation  and  colocalization  in  the  absence  and 
presence  of  hormone  and  by  competitive  inhibition  of  the  N/C  interaction.  AR  transactivation  increases 
in  response  to  MAGE-1 1  and  the  SRC/pi 60  coactivators  through  mechanisms  that  include,  but  are  not 
limited  to  the  AF2  site.  MAGE-11  is  expressed  in  androgen  dependent  tissues,  with  highest  levels  in 
human  testis,  and  in  prostate  cancer  cell  lines  in  parallel  with  AR  expression  levels.  The  results  suggest 
that  MAGE-1 1  is  a  unique  AR  coregulator  that  increases  AR  activity  by  modulating  the  AR  interdomain 
interaction. 

Bai  S,  He  B,  Wilson  EM  2005  Melanoma  antigen  gene  protein  MAGE-11  regulates  androgen 

receptor  function  by  modulating  the  interdomain  interaction.  Mol  Cell  Biol  25:1238-1257 

Structural  characterization  of  FXXLF  and  LXXLL  motif  binding  to  the  AR  ligand  binding 
domain-ln  contrast  to  other  nuclear  receptors  that  bind  the  LXXLL  motifs  of  coactivators,  the  AR  ligand 
binding  domain  is  preferentially  engaged  in  an  interdomain  interaction  with  the  AR  FXXLF  motif  known 
as  the  N/C  interaction.  Weak  transactivation  by  AR  AF2  results  in  part  from  evolving  sequence  changes 
that  reduce  LXXLL  motif  binding.  Concurrently,  the  AR  FXXLF  motif  evolved  with  the  expanding  NH2- 
terminal  AF1  and  avidly  binds  AF2,  further  limiting  coactivator  recruitment  by  competitive  binding  at 
AF2. 

In  a  collaborative  study  with  Robert  Gampe  at  GlaxoSmithKline,  we  determined  the  molecular  basis 
for  FXXLF  and  LXXLL  motif  binding  to  AF2  based  on  a  comparison  of  FXXLF  and  LXXLL  peptide- 
bound  and  peptide-free  AR  ligand  binding  domain  crystal  structures  and  site  directed  mutagenesis.  We 
show  that  AR  amino  acid  residues  20-30  containing  the  FXXLF  motif  and  TIF2  residues  740-753 
containing  the  third  LXXLL  motif,  bind  AR  AF2.  The  FXXLF  motif  peptide  binds  with  an  intact  primary 
charge  clamp  and  better  recognition  conferring  hydrophobic  contacts  than  does  the  LXXLL  motif.  Key 
amino  acid  residues  were  identified  that  differentiate  FXXLF  motif  binding.  Differential  binding  affinity 
and  specificity  are  established  by  distinct  electrostatic  and  hydrophobic  interactions  revealed  in  the  AR- 
R1881  crystal  structures  bound  with  AR  FXXLF  and  TIF2-III  LXXLL  peptides.  Through  an  induced  fit 
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mechanism,  AR  20-30  contacts  E897  with  classical  charge  clamp  H-bonding  that  is  absent  in  the  bound 
TIF2  third  LXXLL  motif.  Although  new  distant  contacts  form  between  the  TIF2-III  LXXLL  motif  and  AR, 
the  interactions  apparently  provide  insufficient  energy  to  recover  what  might  arise  from  close  NH2- 
terminal  backbone  H-bonds  with  E897.  More  importantly,  selective  high  affinity  binding  by  AR  AF2  of 
phenylalanines  in  FXXLF  suggests  that  the  hydrophobic  character,  size  and  complementarity  contribute 
a  substantial  nonpolar  binding  energy.  The  crystal  structures  show  that  the  AR  AF2  solvent  exposed 
hydrophobic  cleft  shelters  hydrophobic  residues  of  bound  amphipathic  peptides  from  the  solvent  shell. 
We  also  show  that  evolving  sequence  changes  decrease  LXXLL  binding  by  PR  and  GR  AF2,  with 
increasing  size  and  functional  importance  of  AF1. 

The  data  suggest  a  transition  in  dominant  transactivation  domains  from  AF2  to  AF1  during  nuclear 
receptor  evolution.  An  activation  function  transition  hypothesis  is  proposed  that  suggests  an 
evolutionary  decline  in  LXXLL  motif  binding  that  parallels  expansion  and  functional  dominance  of  the 
NH2-terminal  transactivation  domain  in  the  steroid  receptor  subfamily. 

He  B,  Gampe  RT,  Kole  AJ,  Hnat  AT,  Stanley  TB,  An  G,  Stewart  EL,  Kalman  Rl,  Minges  JT,  Wilson 
EM  2004  Structural  basis  for  androgen  receptor  interdomain  and  coactivator  interactions  suggests  a 
transition  in  nuclear  receptor  activation  function  dominance.  Mol  Cell  16:425-438 

Probing  the  functional  link  between  androgen  receptor  coactivator  and  ligand  binding  sites  in 
prostate  cancer  and  androgen  insensitivity-The  androgen  receptor  (AR)  is  a  ligand  activated 
transcription  factor  required  for  male  sex  development  and  virilization  and  contributes  to  prostate 
cancer  initiation  and  progression.  High  affinity  androgen  binding  triggers  conformational  changes 
required  for  AR  transactivation.  In  this  report  we  characterized  naturally  occurring  AR  gene  mutations  in 
the  region  of  activation  function  2  (AF2)  that  decrease  or  increase  AR  transcriptional  activity  by  altering 
the  region  bounded  by  AF2  and  the  ligand  binding  pocket  without  affecting  equilibrium  androgen 
binding  affinity.  In  the  androgen  insensitivity  syndrome,  germline  AR  mutations  increase  the  androgen 
dissociation  rate  and  reduce  AR  FXXLF  motif  binding  and  the  recruitment  of  steroid  receptor 
coactivator  (SRC)/p160  coactivator  LXXLL  motifs.  In  prostate  cancer,  somatic  AR  mutations  in  AF2  or 
near  the  bound  ligand  slow  androgen  dissociation  and  increase  AR  stabilization  and  coactivator 
recruitment.  Crystal  structures  of  the  AR  ligand  binding  domain  bound  to  R1881  and  FXXLF  or  LXXLL 
motif  peptide  indicate  the  mutations  are  proximal  to  the  AF2  bound  peptide,  adjacent  to  the  ligand 
pocket,  or  in  a  putative  ligand  gateway.  The  results  suggest  a  bidirectional  structural  relay  between 
bound  ligand  and  coactivator  that  establishes  AR  functional  potency  in  vivo. 

He  B,  Gampe  RT,  Hnat  AT,  Faggart  JL,  Minges  JT,  French  FS,  Wilson  EM  2006  Probing  the 
functional  link  between  androgen  receptor  coactivator  and  ligand  binding  sites  in  prostate  cancer 
and  androgen  insensitivity.  J  Biol  Chem  281:6648-6663 

Key  research  accomplishments 

•  EGF  and  heregulin  increase  AR  transactivation  in  the  presence  of  androgen  by  increasing  TIF2 
phosphorylation  mediated  through  MAP  kinase  signaling  pathways. 

•  Although  tissue  levels  of  DHT,  DHEA,  DHEA  sulfate  and  androstenedione  were  lower  in 
recurrent  cancer  in  castrate  men  than  in  benign  prostate,  tissue  levels  of  testosterone  were 
similar  in  recurrent  prostate  cancer  (3.25  nM)  and  benign  prostate  (3.27  nM). 

•  HER  receptor  tyrosine  kinases  1  through  4  are  expressed  in  CWR-R1  cell  line  derived  from  the 
CWR22  recurrent  prostate  cancer  xenograft.  Heregulin  activates  HER2  (ErbB2)  and  HER3 
(ErbB3)  and  increases  androgen  dependent  AR  activation  of  reporter  genes  in  CWR-R1  cells. 

•  Dominant  negative  mediators  of  AR  transcriptional  activity  inhibit  the  proliferation  of  CWR-R1 
prostate  cancer  cells. 

•  CHIP,  the  carboxyl-terminus  of  Hsp70-interacting  protein,  is  an  AR  binding  partner  that 
functions  as  a  negative  regulator  of  AR  transcriptional  activity  by  promoting  AR  degradation. 
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•  The  melanoma  antigen  gene  product,  MAGE-1 1 ,  was  identified  as  a  novel  AR  coregulator  that 
specifically  binds  the  AR  NH2-terminal  FXXLF  motif  and  regulates  AR  transcriptional  activity  by 
exposing  the  AF2  site  in  the  ligand  binding  domain. 

•  AR20-30  containing  the  FXXLF  motif  binds  with  an  intact  primary  charge  clamp  and  better 
recognition  conferring  hydrophobic  contacts  than  does  TIF2-740-753  containing  the  third  LXXLL 
motif  as  revealed  in  the  AR-R1881  crystal  structures.  Through  an  induced  fit  mechanism,  AR 
20-30  contacts  E897  with  classical  charge  clamp  H-bonding  that  is  absent  in  the  bound  TIF2-III. 

•  The  structural  basis  for  several  AR  mutations  in  prostate  cancer  was  determined  based  on  the 
crystal  structures  of  the  wild-type  AR.  Several  mutations  slow  the  dissociation  rate  of  the  bound 
androgen  leading  to  a  more  transcriptionally  active  AR  in  prostate  cancer. 

•  By  characterizing  AR  mutations  in  prostate  cancer,  a  bidirectional  structural  relay  was  identified 
between  the  bound  ligand  and  coactivator  that  establish  AR  functional  potency  in  vivo. 

Reportable  outcomes:  Publications 

1.  Gregory  CW,  Fei  X,  Ponguta  LA,  He  B,  Bill  HM,  French  FS,  Wilson  EM  2004  Epidermal  growth 
factor  increases  coactivation  of  the  androgen  receptor  in  recurrent  prostate  cancer.  J  Biol  Chem 
279:7119-7130 

2.  Mohler  JL,  Gregory  CW,  Ford  OH,  Kim  D,  Weaver  CM,  Petrusz  P,  Wilson  EM,  French  FS  2004  The 
androgen  axis  in  recurrent  prostate  cancer,  Clin  Can  Res  10:440-448 

3.  Ponguta  LA,  Bill  HM,  Fei  X,  Chen  Y,  Gregory  CW  2004  Repression  of  androgen  receptor 
function  and  cellular  proliferation  in  the  CWR-R1  recurrent  prostate  cancer  cell  line  with 
dominant  negatives  and  RNA  interference.  FASEB  J  18:A935  (Selected  for  the  Chugai  Award 
Lecture  and  Symposium  for  Young  Investigators,  American  Society  for  Investigative  Pathology 
Minisymposium,  Experimental  Biology  Meeting  2004,  Washington,  DC.) 

4.  He  B,  Bai  S,  Hnat  AT,  Kalman  Rl,  Minges  JT,  Patterson  C,  Wilson  EM  2004  An  androgen  receptor 
NH2-terminal  signature  motif  interacts  with  carboxyl  terminus  of  Hsp70-interacting  protein  CHIP.  J 
Biol  Chem  279:30643-30653 

5.  He  B,  Gampe  RT,  Kole  AJ,  Hnat  AT,  Stanley  TB,  An  G,  Stewart  EL,  Kalman  Rl,  Minges  JT,  Wilson 
EM  2004  Structural  basis  for  androgen  receptor  interdomain  and  coactivator  interactions  suggests  a 
transition  in  nuclear  receptor  activation  function  dominance.  Mol  Cell  16:425-438 

6.  Gregory  CW,  Whang  YE,  McCall  W,  Fei  X,  Liu  Y,  Ponguta  LA,  French  FS,  Wilson  EM,  Earp  HS 
2005  Heregulin-induced  activation  of  HER2  and  HER3  increases  androgen  receptor  transactivation 
and  CWR-R1  human  recurrent  prostate  cancer  cell  growth,  Clin  Cancer  Res  11:1704-1712 

7.  Bai  S,  He  B,  Wilson  EM  2005  Melanoma  antigen  gene  protein  MAGE-11  regulates  androgen 
receptor  function  by  modulating  the  interdomain  interaction.  Mol  Cell  Biol  25: 1238-1 257 

8.  Gregory  CW,  Whang  YE,  McCall  W,  Fei  X,  Liu  Y,  Ponguta  LA,  French  FS,  Wilson  EM,  Earp  HS 
2005  Heregulin-induced  activation  of  HER2  and  HER3  increases  androgen  receptor  transactivation 
and  CWR-R1  human  recurrent  prostate  cancer  cell  growth,  Clin  Cancer  Res  11:1704-1712 

9.  He  B,  Gampe  RT,  Hnat  AT,  Faggart  JL,  Minges  JT,  French  FS,  Wilson  EM  2006  Probing  the 
functional  link  between  androgen  receptor  coactivator  and  ligand  binding  sites  in  prostate  cancer 
and  androgen  insensitivity.  J  Biol  Chem  281:6648-6663 

10.  The  CWR-R1  cell  line  was  established  from  the  recurrent  CWR22  human  xenograft  and 
characterized. 

Conclusions 

The  goal  of  our  studies  has  been  to  characterize  the  functional  properties  of  AR  that  contribute  to 
increased  cell  proliferation  in  recurrent  prostate  cancer.  We  have  identified  two  key  AR  interacting 
proteins  that  modulate  AR  activity  in  prostate  cancer:  CHIP  (carboxyl-terminus  of  Hsp70-interacting 
protein)  and  MAGE-11  (melanoma  antigen  gene  product).  We  have  clarified  the  interrelationship 
between  EGF  signaling  pathways  and  AR  activity  in  prostate  cancer  cells.  We  have  established  the 
structural  basis  for  the  AR  NH2-terminal  FXXLF  motif  and  SRC/pi 60  coactivator  LXXLL  motif 
interaction  with  the  AF2  region  of  the  AR  ligand  binding  domain.  Our  studies  continue  to  focus  on  the 
role  of  CHIP  and  MAGE-1 1  on  AR  activity  in  prostate  cancer  cells.  In  addition,  we  are  directing  our 
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efforts  to  neutralize  AR  activity  in  recurrent  prostate  cancer  as  a  possible  means  for  therapeutic 
intervention.  We  are  pursuing  direct  interactions  between  SRC1  and  TIF2  with  MAGE-11  and  their 
combined  effects  on  AR  transcriptional  activity. 
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Growth  of  normal  and  neoplastic  prostate  is  mediated 
by  the  androgen  receptor  (AR),  a  ligand-dependent  tran¬ 
scription  factor  activated  by  high  affinity  androgen 
binding.  The  AR  is  highly  expressed  in  recurrent  pros¬ 
tate  cancer  cells  that  proliferate  despite  reduced  circu¬ 
lating  androgen.  In  this  report,  we  show  that  epidermal 
growth  factor  (EGF)  increases  androgen-dependent  AR 
transactivation  in  the  recurrent  prostate  cancer  cell 
line  CWR-R1  through  a  mechanism  that  involves  a  post- 
transcriptional  increase  in  the  pl60  coactivator  tran¬ 
scriptional  intermediary  factor  2/glucocorticoid  recep¬ 
tor  interacting  protein  1  (TIF2/GRIP1).  Site-specific 
mutagenesis  and  selective  MAPK  inhibitors  linked  the 
EGF-induced  increase  in  AR  transactivation  to  phos¬ 
phorylation  of  TIF2/GRIP1.  EGF  signaling  increased  the 
coimmunoprecipitation  of  TIF2  and  AR.  AR  transactiva¬ 
tion  and  its  stimulation  by  EGF  were  reduced  by  small 
interfering  RNA  inhibition  of  TIF2/GRIP1  expression. 
The  data  indicate  that  EGF  signaling  through  MAPK 
increases  TIF2/GRIP1  coactivation  of  AR  transactiva¬ 
tion  in  recurrent  prostate  cancer. 


Prostate  cancer  is  a  common  disease  in  men  that  initiates  in 
an  environment  of  abundant  circulating  androgen.  Prolifera¬ 
tion  of  androgen-dependent  prostate  cancer  cells  is  mediated  by 
the  androgen  receptor  (AR),* 1  a  ligand-dependent  transcription 
factor  that  is  activated  by  binding  testosterone  or  dihydrotes¬ 
tosterone  (DHT)  (1-4).  Androgen-induced  cell  proliferation  is 
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Yamanouchi  USA  Foundation  (Washington,  D.  C.).  The  costs  of  publi¬ 
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1  The  abbreviations  used  are:  AR,  androgen  receptor;  DHT,  dihy¬ 
drotestosterone;  TIF2,  transcriptional  intermediary  factor  2;  GRIP1, 
glucocorticoid  receptor  interacting  protein;  EGF,  epidermal  growth  fac¬ 
tor;  PSA,  prostate-specific  antigen;  MMTV,  mouse  mammary  tumor 
virus;  Luc,  luciferase;  MAPK,  mitogen-activated  protein  kinase;  MEK, 
mitogen-activated  protein  kinase/extracellular  signal-regulated  kinase 
kinase;  AF2,  activation  function  2;  siRNA,  small  interfering  RNA;  TGF, 
transforming  growth  factor;  ERK,  extracellular  signal-regulated 
kinase. 


associated  with  the  expression  of  an  array  of  androgen-regu¬ 
lated  genes  (5,  6).  Most  prostate  cancers  regress  in  response  to 
androgen  deprivation  therapy  or  anti-androgen  treatment,  re¬ 
flecting  their  dependence  on  androgens  for  growth.  Androgen 
deprivation  results  initially  in  reduced  AR  levels  and  reduced 
expression  of  androgen-regulated  genes  (7).  Nevertheless,  pros¬ 
tate  cancers  recur  after  a  period  of  remission  (8,  9).  It  has  been 
suggested  that  prostate  cancer  recurrence  occurs  under  selec¬ 
tive  pressure  of  androgen  withdrawal  or  anti-androgen  treat¬ 
ment  and  results  from  the  clonal  expansion  of  a  subpopulation 
of  cells  that  is  independent  of  androgen  for  growth  (10).  The 
recurrence  of  prostate  cancer  after  androgen  deprivation  is  a 
major  clinical  challenge  for  improving  disease  outcome. 

An  abundance  of  evidence  suggests  that  the  AR  is  critical  to 
recurrent  prostate  cancer  growth  despite  reduced  circulating 
androgen  levels.  AR  is  expressed  in  most  recurrent  prostate 
cancers  (11)  and  is  implicated  in  cancer  growth  by  a  cadre  of 
androgen-regulated  genes  that  continue  to  be  expressed  in  the 
absence  of  testicular  androgen  (11-15).  Recent  studies  show 
that  selective  AR  inactivation  using  a  ribozyme  inhibits  prolif¬ 
eration  of  LNCaP  cells  in  culture  (16).  LNCaP  prostate  tumor 
growth  and  PSA  secretion  were  inhibited  in  vivo  using  anti- 
sense  oligonucleotides  to  inhibit  AR  expression  (17). 

To  account  for  the  functional  importance  of  AR  in  recurrent 
prostate  cancer,  a  number  of  adaptive  mechanisms  have  been 
proposed  (18).  Each  involves  alternative  pathways  for  in¬ 
creased  AR  activation.  One  compelling  observation  is  that  the 
AR  gene  is  amplified  in  —30%  of  prostate  cancers,  and  AR 
levels  are  increased  (9,  19-21).  Higher  AR  expression  would  be 
expected  to  increase  the  sensitivity  of  prostate  cancer  cells  to 
low  androgen  levels,  as  reported  recently  (22). 

Mutation  of  the  AR  coding  sequence  is  another  mechanism 
for  increased  AR  activation  in  late  stage  prostate  cancer 
growth.  Unlike  mutations  that  cause  androgen  insensitivity  by 
inactivating  AR  (23),  most  AR  mutations  identified  in  prostate 
cancer  retain  responsiveness  to  DHT  (24-27).  Some  of  these 
mutations  broaden  the  ligand  binding  specificity,  allowing  ad¬ 
ditional  steroids  including  adrenal  androgens  to  induce  AR 
transactivation  (27-32).  For  some  mutants,  such  as  AR-T877A, 
in  the  LNCaP  prostate  tumor  and  derived  cell  lines,  antago¬ 
nists  such  as  hydroxyflutamide  gain  agonist  activity.  AR  mu¬ 
tations  identified  in  prostate  cancer  include  shorter  than  aver¬ 
age  CAG  repeat  lengths  (33)  associated  with  increased  AR 
levels  (34).  The  overall  frequency  of  AR  mutations  in  early 
stage  disease  is  <5%  (35),  indicating  that  AR  mutations  do  not 
account  for  prostate  cancer  initiation  in  most  patients.  The 
frequency  of  AR  mutations  increases  in  late  stage  recurrent 
prostate  cancer  (4,  35,  36)  and  may  reflect  adaptive  changes  to 
low  androgen  levels  or  anti-androgen  treatment  (37)  or  is  in- 
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dicative  of  the  inherent  genetic  instability  that  characterizes 
advanced  cancer  cells. 

Another  mechanism  for  recurrent  prostate  cancer  growth  is 
increased  expression  of  nuclear  receptor  coactivators.  The  pl60 
coactivators  include  steroid  receptor  coactivator  1  (SRC1)  (38), 
transcriptional  intermediary  factor  2  (TIF2)  (39),  also  known  as 
SRC2  or  the  mouse  homologue,  glucocorticoid  receptor  inter¬ 
acting  protein  (GRIP1)  (40),  and  the  related  SRC3  variants 
TRAM1,  AIB1,  RAC3,  ACTR,  and  p/CIP  (41).  When  overex¬ 
pressed  in  transient  transfection  assays,  these  coactivators 
increase  AR  trans activation  in  the  presence  of  testosterone  and 
DHT  (42,  43)  or  lower  affinity  adrenal  androgens  (44).  Some  of 
the  pl60  coactivators  have  histone  acetyl  transferase  activity 
that  modifies  histones  to  increase  chromatin  accessibility  dur¬ 
ing  gene  activation  (45).  We  found  increased  levels  of  TIF2  and 
SRC1  in  the  majority  of  a  randomly  selected  set  of  clinical 
specimens  of  recurrent  prostate  cancer  compared  with  coacti¬ 
vator  levels  detected  in  benign  prostate  (44).  Increased  coacti¬ 
vator  expression  is  associated  with  estrogen  receptor-mediated 
gene  activation  in  breast  (46,  47)  and  ovarian  cancer  (48), 
suggesting  that  pl60  coactivator  overexpression  is  linked  to 
growth  stimulation  in  cancer  cells  controlled  by  sex  steroids. 

Increased  kinase  signaling  in  response  to  growth  factors  is 
another  adaptive  change  implicated  in  AR  transactivation  in 
prostate  cancer  (49-51).  Signaling  pathways  that  trigger  in¬ 
creased  cyclic  AMP-dependent  protein  kinase  A  may  be  a  mech¬ 
anism  for  increased  AR  trans  activation  in  recurrent  prostate 
cancer  (52,  53).  Mitogen  activation  of  AR  is  reported  to  occur  in 
the  absence  and  presence  of  androgen  (52)  and  influences  AR 
phosphorylation  (54,  55)  and  dephosphorylation  (56).  Insulin¬ 
like  growth  factor- 1,  keratinocyte  growth  factor,  and  epidermal 
growth  factor  (EGF)  are  reported  to  increase  AR  transactiva¬ 
tion  in  the  absence  of  androgen  (8,  9,  57).  Mitogen-activated 
protein  kinase  (MAPK)  signaling  pathways  and  overexpression 
of  the  receptor  ErbB2  induced  ligand-independent  AR  transac¬ 
tivation  (58).  ErbB2  lacks  a  ligand  partner  but  heterodimerizes 
with  other  members  of  the  EGF  receptor  family  to  activate 
MAPK  and  phosphatidylinositol  3-kinase  signaling  pathways. 
Other  reports  suggest  that  EGF-induced  increases  in  AR  trans¬ 
activation  require  the  presence  of  androgen  (59,  60).  Heregu- 
lin-a  and  ErbB3  were  overexpressed  in  prostate  cancer  in  as¬ 
sociation  with  less  favorable  prognosis  in  advanced  disease 
(61). 

In  this  report,  we  investigated  the  mechanisms  involved  in 
an  EGF-induced  increase  in  AR  transcriptional  activity  in  re¬ 
current  prostate  cancer  cells.  We  present  evidence  that  an 
EGF-induced  increase  in  TIF2/GRIP1  phosphorylation  is  me¬ 
diated  through  the  MAPK  signaling  pathway  and  increases  the 
functional  activity  of  the  androgen-activated  AR. 

EXPERIMENTAL  PROCEDURES 

CWR22  Tumor  Propagation — Androgen-dependent  and  recurrent 
CWR22  tumors  were  originally  provided  by  Thomas  G.  Pretlow  (Case 
Western  Reserve  University)  and  were  maintained  as  xenograft  im¬ 
plants  in  nude  mice  (13,  62).  CWR22  tumors  of  —  1  cm  or  less  were 
resected  and  dispersed  by  protease  digestion.  Cell  suspensions  (106 
cells/site)  were  injected  subcutaneously  with  100  pi  of  Matrigel®  (BD 
Biosciences)  into  nu/nu  athymic  mice  (Harlan  Sprague-Dawley,  Inc., 
Indianapolis,  IN)  that  were  previously  implanted  with  12.5  mg  of  sus¬ 
tained  release  testosterone  pellets  to  normalize  circulating  levels  to  ~4 
ng/ml  testosterone  (Innovative  Research  of  America,  Sarasota,  FL). 
For  analysis  of  the  androgen-dependent  CWR22  tumor,  tumors  were 
grown  to  —0.75  g  over  —30  days  until  the  mice  were  sacrificed  by 
cervical  dislocation,  and  tumors  were  resected.  Testosterone  propionate 
(25  mg/kg/day)  in  sesame  oil  (Schein  Pharmaceutical,  Inc.,  Port 
Washington,  NY)  was  injected  intraperitoneally,  or  150  pg/kg/day  EGF 
in  sterile  water  (BD  Biosciences)  was  injected  subcutaneously.  For 
recurrent  CWR22  tumors,  tumor  cell-Matrigel  suspensions  were  in¬ 
jected  into  castrated  athymic  mice  and  grown  to  —0.75  g  before  resec¬ 
tion  after  —30  days.  Tumors  were  frozen  in  liquid  N2  and  used  to 


prepare  protein  lysates  for  immunoblot  analysis.  Animals  were  main¬ 
tained  in  accordance  with  National  Institutes  of  Health  and  University 
of  North  Carolina  at  Chapel  Hill  animal  use  guidelines. 

Plasmids — Expression  vectors  were  described  previously  for  full- 
length  human  AR  pCMVhAR  (63),  AR  NH2-terminal  and  DNA  binding 
and  hinge  region  fragment  pCMVhAR  1-660  (64,  65),  the  AR  N/C 
interaction  mutant  pCMVhAR- FXXAA/AXXAA  in  which  alanine  sub¬ 
stitutions  were  introduced  into  the  23FQNLF27  and  433WHTLF437  AR 
NH2-terminal  sequence  (66-68),  and  GAL-AR  624-919  coding  for  the 
GAL4  DNA  binding  domain  as  a  fusion  protein  with  the  AR  ligand 
binding  domain  (69,  70).  VPTIF2.1-S736A  contained  TIF2  residues 
624—1287  and  a  serine  to  alanine  mutation  and  was  prepared  by  po¬ 
lymerase  chain  reaction  mutagenesis,  and  the  DNA  sequence  was  ver¬ 
ified.  The  following  vectors  were  generously  provided:  prostate-specific 
antigen-luciferase  reporter  PSA-Luc  (referred  to  previously  as  PSE- 
Luc)  containing  the  —5220  PSA  enhancer  and  promoter  region  with  an 
internal  deletion  of  —2876  to  —540  (71)  from  Young  E.  Whang  (Univer¬ 
sity  of  North  Carolina,  Chapel  Hill,  NC)  and  Lily  Wu  (University  of 
California  Los  Angeles),  VPTIF2.1  coding  for  TIF2  residues  624-1287 
as  a  fusion  protein  with  the  VP  16  activation  domain  from  Heinrich 
Gronemeyer  (Institute  of  Genetics  and  Molecular  and  Cellular  Biology) 
(39,  70),  pSG5-GRIPl  and  pSG5-GRIPl-S736A  from  Michael  R. 
Stallcup  and  Peter  J.  Kushner  (University  of  Southern  California), 
mouse  mammary  tumor  virus  long  terminal  repeat-luciferase  reporter 
vector  (MMTV-Luc)  from  Stanley  M.  Hollenberg  and  Ronald  M.  Evans 
(Salk  Institute),  and  the  GAL4  luciferase  reporter  5xGAL4Luc3  from 
Donald  P.  McDonnell  (Duke  University). 

Transient  Reporter  Gene  Assays — Cotransfection  assays  were  per¬ 
formed  in  the  CWR-R1  cell  line  derived  from  the  CWR22  recurrent 
human  prostate  cancer  xenograft  (22).  To  study  transcriptional  activity 
of  endogenous  AR,  CWR-R1  cells  were  transfected  with  0.5  pg/6-cm  dish 
MMTV-Luc  reporter  vector  in  the  absence  and  presence  of  0.1  pg  of 
pSG5  empty  vector,  pSG5-GRIPl,  or  pSG5-GRIPl-S736A.  To  study 
transcriptional  activity  of  transiently  expressed  wild-type  pCMVhAR 
and  pCMVAR  1-660  or  pCMVAR-FXXAA/AXXAA,  AR  expression  vec¬ 
tor  DNA  (10  ng)  was  transfected  with  0.5  pg  of  MMTV-Luc  or  1  pg  of 
PSA-Luc  reporter  vector  as  indicated.  DNA  was  transfected  into  —75% 
confluent  CWR-R1  cells  plated  the  day  before  at  106  cells/6-cm  dish 
using  prostate  growth  medium  without  exogenous  EGF,  containing 
Richter’s  improved  minimal  essential  medium  (Irvine  Scientific,  Santa 
Ana,  CA)  supplemented  with  10  mM  nicotinamide,  5  pg/ml  insulin,  5 
pg/ ml  transferrin,  5  ng/ml  selenium,  100  units/ml  penicillin,  100  pg/ml 
streptomycin,  and  2%  fetal  bovine  serum.  The  Effectene  transfection 
reagent  (Qiagen,  Valencia,  CA)  was  used  according  to  the  manufac¬ 
turer.  1  ml  of  a  DNA  reaction  mix  containing  150  pi  of  EC  buffer 
(Qiagen),  4  pi  of  enhancer,  4  pi  of  Effectene  reagent  (Qiagen),  and  1  ml 
of  2%  serum  containing  prostate  growth  medium  lacking  EGF  was 
added  to  cell  cultures  containing  3  ml/dish  fresh  medium  with  2%  fetal 
calf  serum  without  added  EGF.  The  next  day,  the  prostate  growth 
medium  was  replaced  with  phenol  red-free,  serum-free  medium  (Im¬ 
proved  MEM  Zinc  Option;  Invitrogen)  with  or  without  the  addition  of 
EGF  or  DHT  as  indicated,  and  incubations  were  continued  for  24  h. 
Cells  were  harvested  in  0.5  ml  of  lysis  buffer  containing  25  mM  Tris 
phosphate,  pH  7.8,  2  mM  EDTA,  and  1%  Triton  X-100  (67).  Luciferase 
activity  was  measured  using  an  automated  LumiStar  Galaxy  (BMG 
Labtechnologies,  Durham,  NC)  multiwell  plate  reader  luminometer. 

For  two-hybrid  interaction  assays,  CWR-R1  cells  (1  X  106  cells/6-cm 
dish)  were  transfected  using  Effectene  as  described  above  with  10  ng  of 
VPTIF2.1  (VP  16  activation  residues  411-456  fused  to  TIF2  residues 
624-1287)  or  the  serine  to  alanine  mutant  VPTIF2.1-S736A,  100  ng  of 
GAL-AR  624-919,  and  0.1  pg  of  5xGAL4Luc-3  containing  five  tandem 
GAL-4  binding  sites  and  the  luciferase  coding  sequence.  Cells  were 
treated  with  hormone  as  indicated  and  analyzed  for  luciferase  activity 
as  described  above. 

Immunoblot,  Immunoprecipitation,  and  Stability  Assays — Monkey 
kidney  COS-1  cells  were  maintained  in  Dulbecco’s  modified  Eagle’s 
medium  containing  2  mM  L-glutamine,  20  mM  Hepes,  pH  7.2,  10% 
bovine  calf  serum,  penicillin,  and  streptomycin.  COS  cells  were  plated 
at  —50%  confluence  (1.2  X  106  COS  cells/10-cm  dish)  and  transfected 
the  next  day  using  Effectene  reagent.  To  each  plate  containing  8  ml  of 
fresh  serum-containing  medium  was  added  1  ml  of  a  reaction  mix 
prepared  according  to  the  manufacturer  to  contain,  per  plate,  2  pg  of 
pCMVhAR,  pCMVhAR  1-660,  pSG5-GRIPl,  or  pSG5-GRIPl-S736A  as 
indicated,  300  pi  of  EC  buffer  (Qiagen),  16  pi  of  enhancer,  10  pi  of 
Effectene  reagent  (Qiagen),  and  1  ml  of  serum-containing  medium. 
After  an  overnight  incubation  in  10%  serum-containing  medium,  the 
medium  was  exchanged  with  serum-free,  phenol  red-free  medium. 
CWR-R1  cells  in  log  phase  growth  were  plated  in  prostate  growth 
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medium  lacking  EGF  as  described.  For  experiments  without  transfec¬ 
tion,  the  CWR-R1  cell  culture  medium  was  replaced  for  24  h  with 
serum-free  medium  lacking  phenol  red  and  containing  0.2%  lipid-rich 
bovine  serum  albumin  (AlbuMax  I;  Invitrogen).  Hormones  and  growth 
factors  were  added  as  indicated,  and  cells  were  incubated  for  —20  h 
with  DHT  in  the  absence  and  presence  of  EGF.  CWR-R1  and  COS  cells 
with  or  without  transient  DNA  transfection  were  rinsed  with  phos¬ 
phate-buffered  saline  and  placed  on  ice.  Cells  were  scraped  into  1  ml  of 
buffered  saline  on  ice,  transferred  to  1.5-ml  microcentrifuge  tubes,  and 
centrifuged  at  12,000  X  g  for  2  min.  The  buffer  was  aspirated,  and  50  or 
100  pi  of  RIPA  buffer  with  protease  inhibitors  was  added  (RIPA:  1% 
Nonidet  P-40,  0.5%  sodium  deoxycholate,  0.1%  SDS,  and  phosphate- 
buffered  saline  containing  the  protease  inhibitors  0.02  mg/ml  pancreas 
extract,  0.005  mg/ml  Pronase,  0.0005  mg/ml  thermolysin,  0.003  mg/ml 
chymotrypsin,  and  0.33  mg/ml  papain  (Roche  Applied  Science)).  Cell 
pellets  were  disrupted  by  vortexing  for  15  s,  and  lysates  were  incubated 
on  ice  for  15  min.  After  centrifugation  for  15  min  at  12,000  X  g, 
supernatants  were  collected,  and  protein  concentrations  were  deter¬ 
mined  using  the  Bio-Rad  protein  assay.  Lysates  from  CWR22  tumors 
were  prepared  as  described  (72).  Proteins  (25  or  50  pg/ lane  as  indicated) 
were  separated  on  8%  acrylamide  gradient  gels  for  TIF2/GRIP1  or  10% 
acrylamide  gels  for  AR  and  electroblotted  after  SDS-PAGE  to  nitrocel¬ 
lulose  membranes  (NitroBind,  0.22  pm;  Osmonics,  Inc.,  Westborough, 
MA).  Rabbit  polyclonal  AR  NH2-terminal  anti-peptide  antibody  AR32 
(73)  was  used  at  0.7  pg/ ml,  anti-TIF2  mouse  monoclonal  (BD  Bio¬ 
sciences)  at  1:1,000  dilution,  and  anti-phospho-p42/44  antibody  (Cell 
Signaling  Technology,  Beverly,  MA)  at  1:1,000  dilution.  Incubations 
with  primary  antibody  were  for  1  h  at  room  temperature  (AR32  and 
TIF2)  or  overnight  at  4  °C  (pp42/44).  Anti-rabbit  and  anti-mouse  horse¬ 
radish  peroxidase-conjugated  secondary  IgG  antibodies  (Amersham 
Biosciences)  were  used  at  1:10,000  dilution  for  1  h  at  room  temperature. 
Specific  signals  were  detected  using  chemiluminescence  (SuperSignal® 
West  Dura  Extended  Duration  Substrate;  Pierce). 

For  TIF2  immunoprecipitation,  cells  were  removed  and  washed  in 
buffered  saline  containing  2.5  mM  sodium  vanadate  and  10  mM  sodium 
fluoride.  Cell  lysates  were  prepared  in  1  ml  of  RIPA  with  protease 
inhibitor  (Complete  Mini;  Roche  Applied  Science)  and  phosphatase 
inhibitor  mixtures  1  and  2  (Sigma).  4  mg  of  protein  was  immunopre- 
cipitated  using  anti-TIF2  antibody  following  a  preclear  step  using  nor¬ 
mal  mouse  IgG  and  Protein  G-Plus-agarose  (Santa  Cruz  Biotechnology, 
Inc.,  Santa  Cruz,  CA).  GRIP-1  antibody  (8  pg;  NeoMarkers,  Inc., 
Fremont,  CA)  and  40  pi  of  Protein  G-Plus-agarose  was  added  to  pre¬ 
cleared  lysates,  and  samples  were  incubated  overnight  at  4  °C  with 
rocking.  The  agarose  was  pelleted  at  1500  rpm  for  30  s  at  4  °C  and 
washed  three  times  with  RIPA  containing  protease  inhibitors  and  phos¬ 
phatase  inhibitors  2.5  mM  sodium  vanadate  and  10  mM  sodium  fluoride. 
The  final  pellet  was  resuspended  in  40  pi  of  electrophoresis  sample 
buffer,  and  protein  was  fractionated  on  SDS-containing  8%  acrylamide 
gels  (Gradipore  Ltd.).  Proteins  were  electroblotted  to  Immobilon®-P 
membrane  (Millipore  Corp.,  Bedford,  MA)  overnight.  Membranes  were 
incubated  with  blocking  solution  (Zymed  Laboratories  Inc.,  South  San 
Francisco,  CA)  containing  2.5  mM  sodium  vanadate  and  10  mM  sodium 
fluoride  overnight  at  4  °C  followed  by  incubation  overnight  at  4  °C  with 
a  mixture  of  anti-phosphoserine  antibody  clone  PSR-45  (Sigma)  at 
1:500  dilution  and  anti-phosphoserine  antibodies  4A3,  4A9,  and  16B4 
(Calbiochem),  each  at  a  dilution  of  1:250.  Following  four  30-min  washes 
with  0.9%  NaCl,  0.05%  Tween  20,  and  10  mM  Tris,  pH  7.5,  membranes 
were  incubated  with  anti-mouse  IgG  (Amersham  Biosciences)  at  a 
1:10,000  dilution  for  30  min  at  room  temperature,  and  the  signal  was 
detected  by  enhanced  chemiluminescence  (Supersignal;  Pierce). 

For  AR  stability  assays,  COS  cells  (1.2  X  106  COS  cells/10-cm  dish) 
were  transfected  with  1  pg  of  pCMVhAR  or  pCMVhAR  1-660  using 
Effectene  reagent  (Qiagen)  as  described  above.  After  an  overnight  in¬ 
cubation  in  10%  serum-containing  medium,  cells  were  rinsed  with 
phosphate-buffered  saline  and  incubated  in  methionine-free  modified 
Eagle’s  medium  (Sigma)  for  30  min.  Tran35S-label  (100  pCi/dish) 
(PerkinElmer  Life  Sciences)  was  added  to  the  cells  with  or  without  DHT 
or  EGF  treatment  and  incubated  for  1.5  h.  Cells  were  washed,  fresh 
culture  medium  with  or  without  hormone  was  added,  and  cells  were 
incubated  for  0,  8,  and  24  h.  Lysates  were  prepared  from  labeled  cells 
using  RIPA  buffer  containing  protease  inhibitors.  35S-Labeled  AR  pro¬ 
tein  was  immunoprecipitated  using  AR52  IgG  (73)  and  Pansorbin  cells 
(Calbiochem)  and  analyzed  by  SDS  gel  electrophoresis.  Autoradio¬ 
graphic  signals  were  quantitated  by  densitometric  scanning  using  an 
Alphalmager®  3400  densitometer  and  AlphaEaseFC  software  (Al- 
phalnnotech,  San  Leandro,  CA). 

Northern  Blot  Analysis — CWR-R1  cells  (5  X  106/10-cm  dish)  were 
plated  in  prostate  growth  medium  lacking  EGF.  The  next  day,  cells 


were  washed  with  phosphate-buffered  saline,  and  the  medium  was 
changed  to  phenol  red-free  improved  MEM  zinc  option  (Invitrogen) 
containing  0.2%  albumin  (AlbuMax  I;  Invitrogen).  After  an  overnight 
incubation,  cells  were  treated  without  or  with  100  ng/ml  EGF  for  24  h 
in  the  same  medium  prior  to  RNA  isolation  using  TRIzol  Reagent 
(Invitrogen)  according  to  the  manufacturer’s  instructions.  RNA  (15  pg) 
aliquots  were  fractionated  on  1%  agarose  gels,  transferred  to  nylon 
membranes,  and  hybridized  with  32P-labeled  pSG5TIF2  BamHI  frag¬ 
ment  containing  nucleotides  629-869  and  a  pGEM-18S-4  (Promega) 
Sp6-generated  fragment  for  control  18  S  ribosomal  RNA. 

RNA  Interference — PCR  primers  to  amplify  TIF2/GRIP1  target  re¬ 
gions  were  synthesized  to  incorporate  T7  polymerase  promoters  on  the 
sense  and  antisense  DNA  strands.  PCR  primer  sequences  were  based 
on  the  DNA  sequence  published  by  Voegel  et  al.  (39)  as  follows  with 
flanking  T7  sequence  in  brackets:  TIF2-A  nucleotides  197—216,  5'-[TA- 
ATACGACTC ACTATAGG] CC AGGGC AGAGAC AAGAAAG-3 ' ;  TIF2-B 
nucleotides  356-376,  5 ' - [TAATACGACTC ACTATAGG] TTGCACATTT- 
GTCAGGTTTGA-3'.  pSG5-TIF2  was  used  as  template  for  Taq  DNA 
polymerase  (Invitrogen)  to  amplify  target  regions  by  polymerase  chain 
reaction  using  the  following  conditions:  94  °C  for  1  min,  55  °C  for  30  s, 
72  °C  for  30  s  (30  cycles),  and  72  °C  for  10  min.  PCR  products  were 
gel-purified  and  used  as  template  for  in  vitro  transcription  using  T7 
RNA  polymerase  and  the  Silencer ®  siRNA  mixture  kit  (Ambion  Inc., 
Austin,  TX).  Following  DNase  and  RNase  A  treatment  for  1  h,  double- 
stranded  RNA  was  purified  through  spin  columns  and  digested  with 
RNase  III  according  to  the  manufacturer  to  yield  siRNA  mixtures.  The 
mixtures  of  12-30-bp  double-stranded  RNAs  contain  5'-P04,  3' -OH, 
and  2-nucleotide  3'  overhangs  similar  to  siRNA  produced  in  vivo.  Rec¬ 
ent  studies  demonstrated  that  siRNAs  generated  by  RNase  III  cleavage 
are  efficient  for  RNA  interference  in  mammalian  cells  (74,  75).  CWR-R1 
cells  were  transiently  cotransfected  with  pCMVhAR,  PSA-Luc,  and  10 
nM  siRNA  mixtures  for  TIF2  or  with  glyceraldehyde-3-phosphate  dehy¬ 
drogenase  as  a  control,  using  Effectene  reagent  (Qiagen)  as  described 
above.  In  some  studies,  cells  were  cotransfected  with  pSG5-TIF2  (50 
ng/6-cm  dish)  to  overcome  inhibition  by  the  siRNAs.  Cells  were  treated 
with  and  without  DHT  and  EGF  overnight  and  lysed,  and  luciferase 
activity  was  measured. 

RESULTS 

Effect  of  EGF  on  AR  Transactivation  in  CWR-R1  Cells — The 
effect  of  EGF  on  AR  trans activation  was  determined  in  the 
CWR-R1  cell  line  derived  from  the  CWR22  recurrent  human 
prostate  cancer  xenograft.  Like  the  CWR22  recurrent  prostate 
tumor,  CWR-R1  cells  express  AR-H874Y  that  retains  wild-type 
sensitivity  to  androgens  but  has  increased  responsiveness  to 
other  steroids  (31).  In  the  absence  of  androgen,  EGF  at  10,  100, 
and  500  ng/ml  induced  a  2.0  ±  0.3-fold  increase  in  transacti¬ 
vation  of  MMTV-Luc  that  was  independent  of  the  dose  of  EGF 
(Fig.  1A).  Activation  in  response  to  EGF  alone  was  negligible 
compared  with  the  43  ±  3.5-fold  increase  in  response  to  0.1  nM 
DHT,  and  the  addition  of  EGF  and  0.1  mM  DHT  increased  this 
further  by  3.3  ±  0.6-fold.  An  androgen-dependent  EGF-induced 
increase  in  AR  transcriptional  activity  of  1.8  ±  0.2-fold  was 
seen  also  with  transient  expression  of  wild-type  AR  and  a 
PSA-Luc  reporter  in  CWR-R1  cells,  and  again  the  increase  in 
activity  was  negligible  with  EGF  alone  in  the  absence  of  DHT 
(Fig.  LB).  The  PSA-Luc  reporter  is  activated  only  weakly  by 
endogenous  AR  in  CWR-R1  cells  in  the  presence  of  androgen 
(data  not  shown). 

The  requirement  for  an  activated  AR  for  a  substantial  EGF 
response  was  supported  by  transiently  expressing  the  consti- 
tutively  active  AR  NH2-terminal  and  DNA  binding  domain 
fragment  AR  1-660  that  lacks  the  ligand  binding  domain.  EGF 
increased  AR  1-660  transactivation  of  MMTV-Luc  and  PSA- 
Luc  reporters  by  3-4-fold  in  CWR-R1  cells  (Fig.  1C).  The  data 
suggest  that  the  EGF-induced  increase  in  AR-mediated  gene 
activation  depends  on  an  AR  that  is  rendered  transcriptionally 
competent  by  androgen  binding  or  artificially  by  deleting  the 
ligand  binding  domain. 

Effects  of  EGF  on  AR  Levels — To  investigate  the  mechanism 
whereby  EGF  increases  AR  transcriptional  activity  in  the  pres¬ 
ence  of  androgen,  we  determined  the  effect  of  EGF  on  AR 
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Fig.  1.  EGF  stimulation  of  AR  transcriptional  activity  in 
CWR-R1  cells.  CWR-R1  cells  were  assayed  as  described  under  “Exper¬ 
imental  Procedures”  for  endogenous  AR  transactivation  using  MMTV- 
Luc  (0.5  pg/6-cm  dish)  (A),  exogenous  wild-type  AR  activity  determined 
by  transfecting  pCMVhAR  (10  ng/dish)  and  PSA-Luc  (1  jug/dish)  (B), 
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Fig.  2.  Effect  of  EGF  on  AR  protein  levels  in  COS  and  CWR-R1 

cells.  In  A,  COS  cells  were  transiently  transfected  as  described  under 
“Experimental  Procedures”  with  2  pg  of  pCMVhAR  coding  for  full- 
length  AR  ( lanes  1-4)  and  for  the  AR  NH2-terminal  fragment  pCM¬ 
VhAR  1-660  ( lanes  5  and  6).  Cells  were  incubated  in  the  absence  and 
presence  of  100  ng/ml  EGF  with  or  without  10  nM  DHT  for  24  h  as 
indicated.  Immunoblots  are  shown  with  25  pg  of  protein/lane  for  COS 
cell  lysates.  In  B,  CWR-R1  cells  were  incubated  with  and  without  100 
ng/ml  EGF  in  the  absence  and  presence  of  1  nM  DHT  for  24  h.  Extracts 
were  analyzed  using  50  pg  of  protein/lane  for  CWR-R1  cells.  Blots  were 
incubated  with  AR32,  an  AR  NH2-terminal  specific  antibody.  Densitom¬ 
etry  values  for  specific  bands  are  included  below  the  lanes  and  are 
representative  of  more  than  three  independent  experiments. 

protein  levels.  COS  cells  transiently  expressing  full-length 
wild-type  AR  were  treated  for  24  h  in  the  absence  and  presence 
of  10  nM  DHT  with  or  without  100  ng/ml  EGF.  Cell  lysates  were 
analyzed  on  immunoblots  using  an  AR-specific  antibody  (Fig. 
2A).  Full-length  AR  protein  levels  increased  2.1-fold  in  the 
presence  of  10  nM  DHT,  reflecting  androgen-induced  AR  stabi¬ 
lization  (76),  and  2.9-fold  in  the  presence  of  DHT  and  EGF  (Fig. 
2A,  lane  4),  but  there  was  no  increase  in  the  presence  of  EGF 
alone  ( lane  3).  The  latter  result  indicated  that  EGF  did  not 
increase  transient  expression  of  AR  from  the  pCMVhAR  plas¬ 
mid.  EGF  also  increased  by  1.9-fold  the  level  of  AR  1-660,  a 
constitutively  active  AR  NH2-terminal  and  DNA  binding  do¬ 
main  fragment  (Fig.  2A,  lanes  5  and  6).  In  CWR-R1  cells, 
endogenous  AR  protein  levels  increased  3.0-fold  in  the  presence 
of  DHT,  but  a  further  increase  in  the  presence  of  EGF  was  not 
detectable,  and  there  was  no  increase  in  the  presence  of  EGF  alone 
(Fig.  2 B).  Endogenous  AR  in  CWR-R1  cells  was  shown  previously 
to  be  relatively  stable  in  the  absence  of  added  androgen  (22). 

A  possible  effect  of  EGF  on  AR  stabilization  was  investigated 
by  determining  AR  degradation  half-times  by  [35S]  methionine 
pulse-chase  labeling  at  37  °C  in  COS  cells.  The  half-time  of  AR 
degradation  in  the  absence  of  DHT  it  =  11.3  ±  2.7  h)  increased 
2-fold  in  the  presence  of  DHT  (t  =  22.7  ±  3.8  h),  but  there  was 
no  further  increase  in  the  presence  of  DHT  and  EGF  (t  =  24.0  ± 
3.0  h).  The  degradation  half-time  of  AR  1-660,  which  lacks  the 
ligand  binding  domain,  was  20.0  ±  3.8  h  in  the  absence  of  EGF 
and  24.8  ±  2.7  h  in  the  presence  of  EGF  (p  =  0.16).  The  data 


and  constitutively  active  AR  deletion  mutant  pCMVAR  1-660  (10  ng / 
dish)  that  lacks  the  ligand  binding  domain  with  MMTV-Luc  and  PSA- 
Luc  (0.5  and  1  pg/dish)  or  10  ng  of  empty  parent  vector  pCMV5  (C). 
Cells  were  incubated  for  24  h  in  the  absence  and  presence  of  10,  100, 
and  500  ng/ml  EGF  with  and  without  0.1  nM  DHT  as  indicated.  The 
mean  luciferase  activity  values  in  optical  units  plus  error  of  the  mean 
are  representative  of  at  least  three  independent  experiments. 
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Fig.  3.  EGF-induced  MAPK  activity.  CV1,  COS,  and  CWR-R1  cells 
were  incubated  with  100  ng/ml  EGF  for  the  times  indicated  from  15  min 
to  24  h.  Immunoblots  of  cell  lysates  (50  jug  of  protein/lane)  were  incu¬ 
bated  with  phospho-p42/p44  antibody  as  described  under  “Experimen¬ 
tal  Procedures.”  The  data  are  representative  of  at  least  three  independ¬ 
ent  experiments. 

suggest  that  an  effect  of  EGF  on  AR  stabilization  could  not  be 
detected  in  COS  cells. 

Role  of  MAPK — We  determined  whether  the  EGF-induced 
increase  in  AR  transcriptional  activity  was  associated  with  an 
increase  in  MAPK  activity.  Growth  factor  activation  of  MAPK 
results  in  phosphorylation  at  threonine  202  and  tyrosine  204  in 
ERK1  (pp42)  and  ERK2  (pp44)  that  can  be  detected  on  immu¬ 
noblots  using  phosphorylation-specific  antibodies  (77).  Within 
15  min  of  treating  CWR-R1,  COS,  and  CV1  cells  with  100  ng/ml 
EGF,  specific  phosphorylation  of  ERK1  (pp42)  and  ERK2 
(pp44)  was  detected,  followed  by  a  decline  in  signal  intensity 
over  24  h  in  the  three  cell  lines  (Fig.  3).  The  rapid  increase  in 
MAPK  activity  in  CWR-R1  cells  in  response  to  EGF  was  inhib¬ 
ited  by  pretreatment  with  10  /am  U0126,  a  MEK1  and  MEK2 
inhibitor  that  prevents  phosphorylation  of  ERK1/2  (data  not 
shown). 

The  effects  of  the  MEK  inhibitor  U0126  and  the  EGF  recep¬ 
tor  (ErbBl)-specific  inhibitor  ZD  1839  were  tested  on  endoge¬ 
nous  AR  transactivation  in  CWR-R1  cells  in  the  absence  and 
presence  of  EGF  using  the  MMTV-Luc  reporter  (Fig.  4A).  In¬ 
creasing  concentrations  of  U0126  from  0.1  to  2.5  /am  inhibited 
AR  transactivation  in  the  absence  and  presence  of  added  EGF. 
In  contrast,  ZD  1839  blocked  the  EGF-induced  increase  in  lu- 
ciferase  activity  but  had  no  effect  on  the  transcriptional  re¬ 
sponse  in  the  absence  of  added  EGF.  Control  experiments 
indicated  that  U0126  and  ZD1839  did  not  inhibit  general  tran¬ 
scription,  since  the  same  concentrations  of  inhibitors  in 
CWR-R1  cells  did  not  reduce  the  activity  of  constitutively  ac¬ 
tive  reporter  vectors  pSG5-Luc,  pSV2-Luc,  or  pA3RSV400Luc 
(78)  (data  not  shown). 

The  data  indicate  that  the  transcriptional  capacity  of  the 
androgen-activated  endogenous  AR  in  CWR-R1  cells  is  in¬ 
creased  by  EGF  through  the  MAPK  pathway.  The  kinase  in¬ 
hibitor  results  suggest  that  a  possible  autocrine  regulatory  loop 
involving  ligands  in  the  EGF  family  is  present  in  CWR-R1  cells 
and  may  not  depend  solely  on  the  ErbBl  receptor,  since  the 
EGF  receptor-selective  inhibitor  ZD1839  did  not  diminish  AR 
activity  in  the  absence  of  added  EGF.  On  the  other  hand, 
inhibition  of  transcription  by  U0126  in  the  absence  of  added 
EGF  suggested  that  other  members  of  the  EGF  receptor  family, 
such  as  ErbB2  and  ErbB3,  mediate  signals  through  the  MAPK 
pathway  to  increase  DHT-dependent  AR  transcriptional  activ¬ 
ity  in  the  CWR-R1  recurrent  prostate  cancer  cell  line. 

The  MAPK  pathway  was  also  implicated  in  the  EGF-induced 
increase  in  AR  observed  in  COS  cells  in  the  presence  of  DHT. 
ZD1839  (2.5  /am)  and  U0126  (2.5  /am)  blocked  the  EGF-induced 
increase  in  AR  levels  observed  in  the  presence  of  DHT  (Fig.  4 B). 
In  contrast,  these  inhibitors  had  no  effect  on  DHT-induced  AR 
stabilization  (Fig.  4 B)  that  was  shown  previously  to  require  the 
androgen-induced  NH2-terminal  and  carboxyl-terminal  (N/C) 
interaction  in  AR  (79).  The  results  support  that  MAPK  signal- 
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Fig.  4.  Inhibition  of  AR  transactivation  and  EGF-induced  AR 
stabilization  by  EGF  receptor  and  MEK  inhibitors.  In  A,  trans¬ 
activation  by  endogenous  AR  was  determined  in  CWR-R1  cells  trans¬ 
fected  with  MMTV-Luc  (0.5  /Ag/6-cm  dish)  as  described  under  “Experi¬ 
mental  Procedures.”  Cells  were  incubated  for  24  h  with  and  without  0.1 
nM  DHT  in  the  absence  and  presence  of  100  ng/ml  EGF  and  increasing 
concentrations  (0.1-2. 5  /am)  of  the  MEK  inhibitor  U0126  or  the  EGF 
receptor  (ErbBl)  inhibitor  ZD1839.  Luciferase  activity  is  shown  as  the 
mean  and  error  and  is  representative  of  at  least  three  experiments.  In 
B,  pCMV5  empty  parent  vector  ( lane  1)  and  pCMVhAR  (2  /Ag  of  DNA/ 
10-cm  dish;  lanes  2-6)  were  transiently  expressed  in  COS  cells.  Cells 
were  treated  in  the  absence  and  presence  of  10  nM  DHT  with  or  without 
100  ng/ml  EGF  as  indicated.  Some  of  the  cells  treated  with  DHT  and 
EGF  were  also  incubated  with  2.5  /am  ZD1839  ( lane  5)  or  2.5  /am  U0126 
(lane  6).  Immunoblots  of  cell  lysates  (25  /Ag  of  protein/lane)  were  probed 
with  the  AR32  antibody.  Densitometry  values  for  specific  bands  are 
included  above  the  lanes. 


ing  acts  synergistic  ally  with  DHT. 

EGF  Regulation  of  TIF2  Expression — We  showed  previously 
that  progression  to  recurrent  growth  of  prostate  cancer  is  as¬ 
sociated  with  increased  levels  of  pl60  coactivators  (44)  that  can 
increase  AR  activity  (68).  We  therefore  investigated  expression 
levels  and  effects  of  EGF  on  endogenous  TIF2  levels  in  several 
cell  lines  including  the  CWR-R1  cell  line  and  in  the  CWR22 
human  prostate  cancer  xenograft.  Steady  state  levels  of  TIF2 
were  highest  in  the  CWR-R1  cell  line  compared  with  prostate 
cancer  cell  lines  PC3,  LNCaP,  and  LNCaP-C4-2  and  HeLa  cells 
when  equal  amounts  of  protein  were  analyzed  by  immunoblot 
(Fig.  5A).  Lower  levels  of  TIF2  were  detected  in  COS  and  CV1 
cells,  and  TIF2  was  undetectable  in  a  nontransformed  human 
foreskin  fibroblast  cell  line.  EGF  increased  TIF2  levels  in 
CWR-R1  cells  after  8  h  compared  with  an  earlier  increase  in 
COS  cells  and  little  change  in  CV1  cells  (Fig.  5 B).  The  higher 
steady  state  level  of  TIF2  in  CWR-R1  cells  and  the  increase 
after  EGF  treatment  support  the  possibility  that  elevated  lev¬ 
els  of  TIF2  contribute  to  the  EGF-induced  increase  in  androgen- 
dependent  AR  transactivation.  We  ruled  out  a  direct  effect  of 
EGF  on  TIF2  transcription,  since  Northern  blot  analysis 
showed  similar  levels  of  TIF2  mRNA  in  CWR-R1  cells  with  and 
without  EGF  treatment  (Fig.  5C). 
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Fig.  6.  Effects  of  EGF  on  TIF2  phosphorylation  and  interac¬ 
tion  with  AR  by  TIF2  immunoprecipitation.  CWR-R1  cells  were 
incubated  with  and  without  100  ng/ml  EGF  in  the  absence  of  serum  for 
24  h.  Equal  amounts  of  protein  (4  mg)  from  cell  lysates  were  immuno- 
precipitated  (IP)  using  anti-TIF2  monoclonal  antibody  as  described 
under  “Experimental  Procedures.”  In  A,  immunoprecipitated  TIF2  was 
subjected  to  immunoblot  analysis  using  anti-TIF2  antibody.  In  B, 
CWR-R1  cells  were  incubated  with  1  nM  DHT  in  the  absence  and 
presence  of  100  ng/ml  EGF,  and  equal  amounts  of  cell  lysate  protein 
were  immunoprecipitated  with  anti-TIF2  antibody.  Shown  is  an  immu¬ 
noblot  using  anti-phosphoserine  antibodies  ( pSer )  to  detect  phosphoryl- 
ated  TIF2.  In  C,  CWR-R1  cells  were  incubated  with  1  nM  DHT  with  and 
without  100  ng/ml  EGF,  and  equal  amounts  of  cell  lysate  protein  were 
immunoprecipitated  using  anti-TIF2  antibodies.  The  immunoblot  was 
probed  with  AR  polyclonal  antibody  AR32  to  detect  AR  co-immunopre- 
cipitated  with  TIF2.  The  data  are  representative  of  at  least  three 
independent  experiments. 
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Fig.  5.  Endogenous  TIF2  expression  and  regulation  by  EGF.  In 

A,  endogenous  TIF2  levels  were  assessed  in  whole  cell  lysates  from  the 
indicated  cell  lines  harvested  during  logarithmic  growth.  The  immuno¬ 
blot  was  performed  on  cell  extracts  (50  pg  of  protein/lane)  prepared  in 
RIP  A  buffer  in  the  presence  of  protease  inhibitors.  All  cell  lines  were 
grown  in  the  absence  of  supplemental  EGF.  Blots  were  probed  with 
anti-TIF2  antibody  (BD  Biosciences).  In  B,  CV1,  COS,  and  CWR-R1 
cells  were  untreated  (0)  or  were  incubated  with  100  ng/ml  EGF  for 
increasing  times  from  15  min  to  24  h  as  indicated.  The  blot  was  probed 
with  the  anti-TIF2  antibody.  For  the  Northern  blot  in  C,  CWR-R1  cells 
were  incubated  without  and  with  EGF  (100  ng/ml)  in  the  absence  of 
serum  for  24  h.  RNA  was  isolated  using  TRIzol  reagent  as  described 
under  “Experimental  Procedures.”  15  pg  of  RNA  was  fractionated  on  1% 
agarose  gels,  transferred  to  a  nylon  membrane,  and  hybridized  with 
32P-labeled  TIF2  and  18  S  ribosomal  RNA  cDNAs.  Densitometry  values 
of  the  specific  bands  are  included  below  the  lanes.  In  D,  the  levels  of  AR 
(upper  panel)  and  TIF2  (lower  panel)  were  determined  by  immunoblot  of 


The  EGF-induced  increase  in  TIF2  levels  was  also  observed 
in  the  androgen-dependent  CWR22  tumor  that  was  propagated 
in  nu/nu  athymic  mice  implanted  with  testosterone  pellets  (62, 
72)  (Fig.  5 D).  Six  days  after  castration  and  removal  of  the 
testosterone  source,  TIF2  was  barely  detectable  in  the  CWR22 
androgen-dependent  tumor  (Fig.  5 D,  lanes  1-3 )  but  increased 
4 -6-fold  when  mice  were  treated  6  days  after  castration  with 
EGF  and  analyzed  48  h  later  (lane  5).  TIF2  levels  also  in¬ 
creased  5-10-fold  after  mice  were  treated  with  a  single  injec¬ 
tion  of  25  mg/kg  testosterone  propionate  6  days  after  castration 
and  analyzed  72  h  later  (lane  4).  The  increase  in  TIF2  levels  in 
response  to  testosterone  could  be  indirect  through  EGF,  since 
testosterone  has  been  shown  to  increase  circulating  EGF  levels 
in  castrated  mice  (80,  81).  Testosterone  may  also  increase  EGF 
levels  through  a  direct  effect  on  xenograft  tumor  cells.  In  the 
recurrent  CWR22  tumor  that  develops  after  prolonged  andro¬ 
gen  deprivation,  TIF2  levels  were  elevated  in  the  absence  of 
androgen  replacement  (Fig.  5 D),  suggesting  that  additional 


cell  lysates  from  the  androgen-dependent  CWR22  tumor  (lane  1),  and 
from  CWR22  tumors  harvested  1  day  (lane  2),  6  days  (lanes  3-5),  and 
120  days  (lane  6)  after  castration  and  removal  of  the  testosterone 
implants.  The  recurrent  tumors  were  propagated  in  castrated  mice  and 
harvested  —45  days  later  (lane  7).  Six  days  after  castration,  some  mice 
received  a  single  injection  of  25  mg/kg  testosterone  propionate  in  ses¬ 
ame  oil  intraperitoneally,  and  cell  lysates  were  prepared  72  h  later  (lane 
4),  or  mice  received  a  single  injection  of  150  jug/kg  subcutaneous  EGF  in 
sterile  water,  and  cell  lysates  were  prepared  48  h  later  (lane  5).  Immu- 
noblots  of  cell  lysates  (100  pg  of  protein/lane)  were  incubated  with  AR32 
or  TIF2  antibody.  Data  in  A  represent  two  independent  experiments, 
data  in  B  represent  three  experiments,  and  data  in  C  represent  2-6 
tumors  in  each  treatment  group. 
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Fig.  7.  Effects  of  EGF  on  the  AR-TIF2/GRIP1  interaction.  A, 

schematic  diagram  of  the  three  LXXLL  motifs  of  TIF2/GRIP1  and  their 
position  relative  to  the  MAPK  consensus  site  at  Ser736  that  flanks  the 
third  LXXLL  motif  of  TIF2/GRIP1,  the  predominant  interaction  site  for 
the  AR  AF2  region  (67,  70).  Amino  acid  residues  are  numbered.  B, 
CWR-R1  cells  were  transfected  with  MMTV-Luc  (0.5  pg/6-cm  dish)  and 
0.1  fcg/dish  of  pSG5  empty  vector,  pSG5-GRIPl,  or  pSG5-GRIPl-S736A. 
Cells  were  incubated  for  24  h  in  the  absence  and  presence  of  0.1  nM  DHT 
with  and  without  100  ng/ml  EGF  as  indicated.  In  C,  immunoblot  of 
endogenous  TIF2  ( lanes  1  and  2),  transiently  transfected  pSG5-GRIPl 
( lanes  3  and  4),  and  pSG5-GRIPl-S736A  ( lanes  5  and  6)  before  and  after 
treatment  with  100  ng/ml  EGF  for  24  h.  50  pg  of  protein  extracts  of  COS 
cells  were  analyzed  by  immunoblot  using  the  TIF2  antibody  as  de¬ 
scribed  under  “Experimental  Procedures.”  Exposure  times  of  the  film 
were  5  min  to  detect  endogenous  TIF2  ( lanes  1  and  2)  and  30  s  for 
transiently  expressed  TIF2/GRIP1  ( lanes  3-6). 


mechanisms  such  as  autocrine  signaling  contribute  to  in¬ 
creased  TIF2  levels  in  prostate  cancer  tumor  progression. 

AR  levels  also  increased  after  testosterone  treatment  6  days 
after  castration  and  to  a  lesser  extent  with  EGF  alone  (Fig.  5 D). 
In  comparison  with  the  tumor  analyzed  6  days  after  castration, 
the  recurring  CWR22  tumor  growing  at  120  days  after  castra¬ 
tion  showed  higher  AR  expression  that  approached  the  level 
observed  in  the  recurrent  tumor  as  reported  previously  (82). 
The  results  indicate  that  androgen  and  EGF  increase  TIF2  and 
AR  levels  in  the  androgen-sensitive  CWR22  tumor  to  levels 
seen  in  the  recurrent  tumor. 

Mechanism  for  the  EGF-induced  Increase  in  AR  Transacti¬ 
vation — The  EGF-induced  increase  in  TIF2  levels  and  AR 
transactivation  led  us  to  investigate  TIF2  phosphorylation, 
since  previous  studies  on  the  estrogen  and  progesterone  recep¬ 
tors  suggested  that  EGF  increases  phosphorylation  of  pl60 
coactivators  (83).  Using  an  anti-TIF2-specific  antibody,  TIF2 
was  immunoprecipitated  from  lysates  of  CWR-R1  cells  incu¬ 
bated  in  the  absence  and  presence  of  EGF  (Fig.  6A).  Immuno- 
blotting  using  phosphoserine  antibodies  suggested  an  increase 
in  TIF2  phosphorylation  in  the  presence  of  EGF  (Fig.  6 B). 
Moreover,  in  a  separate  experiment  in  the  presence  of  DHT,  we 
found  that  AR  coimmunoprecipitated  with  TIF2,  and  the 
amount  of  AR  in  the  coimmunoprecipitate  increased  in  the 
presence  of  EGF  (Fig.  6C).  The  data  raised  the  possibility  that 
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Fig.  8.  Effect  of  EGF  on  the  interaction  between  AR  and  TIF2. 

In  A,  two  hybrid  interaction  assays  were  performed  in  CWR-R1  cells  by 
cotransfecting  10  ng  of  VPTIF2.1  (TIF2  residues  624-1287)  or  VP- 
TIF2.1-S736A  with  100  ng  of  GAL-AR  624-919  and  0.1  /ig  of 
5xGAL4Luc3.  CWR-R1  cells  were  incubated  with  or  without  1  nM  DHT 
in  the  absence  and  presence  of  100  ng/ml  EGF.  The  mean  and  S.E.  of 
luciferase  activity  are  representative  of  three  independent  experiments. 
In  B,  COS  cells  were  transiently  transfected  as  described  under  “Ex¬ 
perimental  Procedures”  with  1  p,g  each  of  VP-TIF2.1  or  VPTIF2.1- 
S736A  with  and  without  1  p,g  of  GAL-AR  624-919  using  Effectene 
reagent.  Cells  were  incubated  overnight  in  the  absence  and  presence  of 
EGF  (100  ng/ml)  with  and  without  10  nM  DHT.  Cell  lysates  (10  /tig  of 
protein/lane)  were  immunoblotted,  and  membranes  were  incubated 
with  anti-TIF2  antibody.  The  data  are  representative  of  three  inde¬ 
pendent  experiments. 
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EGF-induced  phosphorylation  of  TIF2  increases  its  interaction 
with  AR. 

The  proximity  of  the  TIF2  MAPK  site  Ser736  and  the  third 
LXXLL  motif  of  TIF2  (Fig.  7A)  suggested  that  EGF-induced 
phosphorylation  of  TIF2  might  increase  AR  transactivation  by 
enhancing  its  interaction  with  AR.  The  third  LXXLL  motif  of 
TIF2  is  the  predominant  interaction  site  among  the  three 
LXXLL  motifs  that  bind  activation  function  2  (AF2)  in  the  AR 
ligand  binding  domain  (68,  78).  Coexpression  of  GRIP1,  the 
mouse  homologue  of  human  TIF2  that  differs  by  only  2  amino 
acids  (83),  with  an  MMTV-Luc  reporter  increased  DHT-de- 
pendent  transcriptional  activity  of  endogenous  AR  in  CWR-R1 
cells  in  the  absence  and  presence  of  EGF  (Fig.  IB).  When  the 
GRIP1-S736A  phosphorylation  mutant  was  expressed,  the 
transcriptional  response  to  DHT  alone  and  to  DHT  and  EGF 
was  similar  to  that  observed  in  the  absence  of  GRIP1  transient 
expression.  Transient  expression  levels  of  GRIP1  and  the 
GRIP1-S736A  mutant  were  similar,  as  shown  in  immunoblots 
of  COS  cell  extracts  (Fig.  7 C,  lanes  3  and  6),  in  agreement  with 
a  previous  report  (83),  suggesting  that  expression  levels  were 
also  similar  in  CWR-R1  cells.  A  direct  comparison  of  expression 
levels  of  the  wild-type  and  mutant  GRIP1  plasmids  in  CWR-R1 
cells  was  complicated  by  the  relatively  high  TIF2  levels  in 
CWR-R1  cells  (see  Fig.  5A)  combined  with  low  expression  of 
plasmid  DNA.  As  shown  above  (Fig.  5 B),  EGF  increased  endog¬ 
enous  TIF2/GRIP1  levels  in  COS  cells  (Fig.  1C,  lanes  1  and  2) 
and  the  levels  of  transiently  expressed  GRIP1  but  not  the 
GRIP1-S736A  mutant  (Fig.  1C,  lanes  5  and  6).  The  data  sug- 
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FXXAA/AXXAA 

Fig.  9.  Transcriptional  activation  of  PSA-Luc  by  an  AR  N/C 
interaction  mutant  in  CWR-R1  cells.  CWR-R1  cells  were  trans¬ 
fected  with  1  jug  of  PSA-Luc  reporter  and  10  ng  of  pCMVhAR  or  the  AR 
N/C  interaction  mutant  pCMVhAR-FXXAA/AXXAA  in  which 
23FQNLF27  and  433WHTLF437  in  the  AR  NH2-terminal  domain  were 
mutated  to  FQNAA  and  AHTAA,  respectively  (66).  Cells  were  trans¬ 
fected  using  Effectene  as  described  under  “Experimental  Procedures” 
and  incubated  for  24  h  with  and  without  increasing  concentrations  of 
DHT  as  indicated  in  the  absence  and  presence  of  100  ng/ml  EGF.  The 
data  are  representative  of  three  independent  experiments. 


gest  that  the  EGF-induced  increase  in  AR  transcriptional  ac¬ 
tivity  is  mediated  at  least  in  part  by  phosphorylation  of  GRIP1 
at  Ser736  and  by  increased  levels  of  TIF2/GRIP1. 

The  requirement  for  GRIP1  phosphorylation  in  its  interac¬ 
tion  with  AR  was  evaluated  further  in  the  CWR-R1  cell  line 
using  a  two-hybrid  interaction  assay.  VPTIF2.1  coding  for  the 
VP16  activation  domain  and  TIF2  residues  624-1287  (39,  70) 
was  co-expressed  with  GAL-AR  624-919  coding  for  the  AR 
ligand  binding  domain  and  GAL4  DNA  binding  domain.  The 
androgen-dependent  interaction  between  GAL-AR  624-919 
and  VPTIF2.1  was  reduced  with  the  phosphorylation  site  mu¬ 
tant  VPTIF2.1-S736A  (Fig.  8A).  The  addition  of  EGF  increased 
the  interaction  between  AR  and  VPTIF2.1  and  between  AR  and 
VPTIF2.1-S736A  but  was  greater  for  wild-type  TIF2.  The  high 
levels  of  endogenous  TIF2  in  CWR-R1  cells  probably  contrib¬ 
uted  to  some  of  the  activity  observed  in  the  presence  of  the  TIF2 
mutant.  Expression  levels  of  the  VPTIF2.1  and  VPTIF2.1- 
S736A  plasmid  DNA  were  similar  in  the  absence  and  presence 
of  GAL-AR  624-919,  as  demonstrated  in  COS  cells  (Fig.  8 B). 
The  results  suggest  that  EGF  increases  the  interaction  be¬ 
tween  AR  and  TIF2  through  phosphorylation  at  serine  736 
adjacent  to  the  third  LXXLL  motif  and  probably  through  addi¬ 
tional  phosphorylation  sites  in  TIF2. 

Role  of  the  AR  N/C  Interaction — We  showed  previously  that 
the  androgen-dependent  AR  NH2-  and  carboxyl-terminal  N/C 
interaction  is  mediated  by  the  NH2-terminal  FXXLF  and 
WXXLF  motifs  (66)  and  is  required  for  DHT-induced  AR  sta¬ 
bilization  (67,  84)  and  slows  the  dissociation  rate  of  bound 
androgen  (66,  67,  79).  The  AR-FXXAA/AXXAA  mutant  that 
lacks  the  N/C  interaction  activates  the  MMTV-Luc  reporter  in 
CV1  cells  to  essentially  the  same  extent  as  wild-type  AR,  but  in 
CV1  cells  this  mutant  only  weakly  activates  the  PSA-Luc  re¬ 
porter  compared  with  wild-type  AR  (68).  We  now  show  that 
transiently  expressed  AR-FXXAA/AXXAA  in  CWR-R1  cells  is 
equipotent  to  wild-type  AR  in  activating  PSA-Luc  (Fig.  9),  and 
EGF  increases  the  androgen-dependent  activity. 

Previous  studies  demonstrated  that  increased  expression  of 
TIF2  in  CV1  cells  could  overcome  the  requirement  for  the  AR 
N/C  interaction  in  activating  the  PSA-Luc  reporter  (68).  Since 
an  important  functional  consequence  of  the  N/C  interaction  is 
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Fig.  10.  Effects  of  EGF  and  GRIP1  on  expression  levels  of  AR 
and  the  AR  N/C  interaction  mutant.  Wild-type  and  N/C  interaction 
mutant  AR  levels  were  determined  in  COS  cells  by  transient  expression 
of  1  jag  of  wild-type  pCMVhAR  or  pCMVhAR-FXXAA/AXXAA  in  the 
absence  and  presence  of  1  jag  of  pSG5  empty  vector  or  pSG5-GRIPl 
using  Effectene  as  described  under  “Experimental  Procedures.”  Cells 
were  treated  in  the  absence  and  presence  of  10  nM  DHT  with  and 
without  100  ng/ml  EGF  as  indicated.  Immunoblots  were  probed  with 
AR  antibody  AR32  from  cell  lysates  (25  jag  of  protein/lane)  for  wild-type 
AR  and  the  N/C  interaction  mutant  AR-FXXAA/AXXAA  in  the  absence 
(A)  or  presence  (B)  of  transiently  expressed  GRIP1.  Densitometry  val¬ 
ues  for  specific  bands  are  included  below  the  lanes. 


stabilization  of  the  AR  that  may  be  necessary  for  AR  activity  in 
vivo  (67,  79,  84),  we  investigated  whether  increased  coactivator 
levels  could  replace  this  function  by  stabilizing  the  AR-FXXAA/ 
AXXAA  mutant.  Under  conditions  of  low  endogenous  TIF2/ 
GRIP1  levels  in  COS  cells,  DHT  had  little  effect  on  AR-FXXAA/ 
AXXAA  levels  compared  with  the  increase  seen  with  wild-type 
AR  (Fig.  10),  as  previously  reported  (67).  The  addition  of  EGF 
only  slightly  increased  AR-FXXAA/AXXAA  levels  in  the  pres¬ 
ence  or  absence  of  DHT.  In  contrast,  when  GRIP1  was  overex¬ 
pressed,  there  was  a  striking  increase  in  AR-FXXAA/AXXAA 
levels  with  DHT,  which  was  further  increased  in  the  presence 
of  EGF  (Fig.  10).  It  is  noteworthy  that  EGF  in  the  presence  of 
GRIP1  but  in  the  absence  of  androgen  also  increased  AR- 
FXXAA/AXXAA  levels.  The  results  suggest  that  increased 
TIF2/GRIP1  expression  that  can  occur  in  response  to  EGF  and 
that  is  frequently  observed  in  recurrent  prostate  cancer  (44) 
contributes  to  increased  AR-mediated  transactivation.  In¬ 
creased  levels  of  TIF2  may  compete  more  effectively  for  the  N/C 
interaction,  resulting  in  increased  coactivator  recruitment  and 
AR  transactivation. 

Effect  of  TIF2  /  GRIP1  siRNA  on  AR  Transactivation — To 
determine  whether  TIF2/GRIP1  is  required  for  AR  transacti¬ 
vation  by  DHT  and  EGF  in  CWR-R1  cells,  we  used  RNA  inter¬ 
ference  to  inhibit  endogenous  TIF2/GRIP1  expression.  An 
siRNA  mixture  consisting  of  12-30  bp  of  double-stranded  RNA 
coding  for  TIF2/GRIP1  was  transiently  transfected  into 
CWR-R1  cells  together  with  pCMVhAR  and  PSA-Luc.  TIF2 
siRNA  directed  at  nucleotides  197-376  inhibited  AR  transac¬ 
tivation  of  PSA-Luc  by  5-fold,  whereas  a  glyceraldehyde-3- 
phosphate  dehydrogenase  siRNA  mixture  had  no  effect  (Fig. 
11).  Specificity  for  the  TIF2  siRNA  inhibition  was  established 
by  cotransfecting  pSG5TIF2  with  10  nM  TIF2  siRNA.  Partial 
recovery  of  AR  transactivation  of  PSA-Luc  activity  in  the  pres¬ 
ence  of  overexpressed  TIF2  provided  evidence  that  inhibition 
by  TIF2  siRNA  was  specific. 
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Fig.  11.  Interference  of  AR  transcriptional  activity  by  TIF2 
siRNA.  CWR-R1  cells  were  transfected  with  the  PSA-Luc  reporter  and 
pCMVhAR  with  and  without  10  nM  glyeeraldehyde-3-phosphate  dehy¬ 
drogenase  ( GAPDH )  siRNA  or  TIF2  siRNA  in  the  absence  and  presence 
of  0.05  pg  of  pSG5  or  pSG5-TIF2  using  Effectene  as  described  under 
“Experimental  Procedures.”  Cells  were  incubated  for  24  h  with  and 
without  0.1  nM  DHT  in  the  absence  and  presence  of  100  ng/ml  EGF.  The 
data  are  representative  of  four  independent  experiments. 


DISCUSSION 

The  recurrent  growth  of  prostate  cancer  after  prolonged  an¬ 
drogen  deprivation  is  recapitulated  by  human  xenograft  mod¬ 
els  such  as  CWR22  (22,  62,  85)  and  LAPC-4  and  LAPC-9  (86) 
prostate  tumors.  Like  human  prostate  cancers  that  are  androgen- 
dependent  for  growth,  these  human  tumors  propagated  in  nude 
mice  regress  following  androgen  withdrawal  by  castration  but 
after  several  months  regrow  in  an  environment  of  low  circulat¬ 
ing  androgen.  Most  reports  implicate  a  critical  role  for  the  AR 
in  recurrent  prostate  cancer  growth  and  progression  despite 
reduced  circulating  androgen  levels,  and  some  studies  suggest 
that  mitogen  signaling  bypasses  the  requirement  for  androgen. 
In  the  present  report,  we  provide  evidence  that  EGF  signaling 
through  MAPK  increases  androgen-dependent  AR  transcrip¬ 
tional  activity  in  the  CWR-R1  recurrent  human  prostate  cancer 
cell  line.  EGF  increased  androgen-dependent  AR  transactiva¬ 
tion  in  association  with  increased  levels  of  TIF2  in  the  CWR-R1 
cell  line.  EGF  and  testosterone  each  increased  AR  and  TIF2 
levels  in  the  androgen-dependent  CWR22  xenograft  tumor, 
supporting  their  complementary  relationship.  EGF  increased 
TIF2  phosphorylation  and  the  interaction  between  phosphoryl- 
ated  forms  of  TIF2  and  AR.  The  effects  of  EGF  were  mediated 
in  part  through  phosphorylation  of  TIF2/GRIP1  at  Ser736. 
TIF2/GRIP1  in  CWR-R1  cells  also  probably  contributed  to  in¬ 
creased  transactivation  by  the  NH2-terminal  activation  func¬ 
tion  1  of  the  AR  NH2-terminal  DNA  binding  domain  fragment 
AR  1-660.  Reducing  TIF2/GRIP1  levels  in  CWR-R1  cells  using 
inhibitory  RNAs  resulted  in  a  decreased  AR  transcriptional 
response  to  DHT  and  EGF.  The  data  provide  evidence  for  a 
direct  link  between  AR  transcriptional  activity  in  recurrent 
prostate  cancer,  EGF  signaling,  and  increased  pl60  coactivator 
levels.  In  addition,  the  studies  provide  a  mechanism  to  explain 
the  recent  finding  that  a  majority  of  recurrent  prostate  cancers 
have  elevated  levels  of  TIF2  (44). 

Mechanisms  described  thus  far  to  account  for  increased  AR 
transactivation  in  recurrent  prostate  cancer  include  ligand- 
independent  activation  by  mitogen  signaling,  AR  overexpres¬ 
sion,  and  AR  mutations.  Of  these,  increased  signaling  by  EGF 
and  TGFa  was  reported  to  occur  in  association  with  the  tran¬ 
sition  from  androgen-dependent  to  recurrent  prostate  cancer 
(87),  and  prostate  cancer  cell  lines  have  been  shown  to  synthe¬ 
size  and  secrete  EGF  and  related  peptides  (88).  In  addition,  the 


EGF  family  of  receptors  is  expressed  in  most  recurrent  prostate 
cancers  (89),  with  ErbB2  protein  expression  most  frequently 
reported  (90-93).  The  CWR22  xenograft  (62,  94-97)  expresses 
ErbBl,  -2,  and  -3  as  shown  by  reverse  transcription  PCR  (62, 
94,  95),  and  the  CWR-R1  cell  line  expresses  ErbBl,  -2,  -3,  and 
-4.2  This  agrees  with  reports  that  the  ErbBl  inhibitor  ZD1839 
reduces  the  growth  of  androgen-dependent  and  recurrent 
CWR22  cells  in  culture  (98)  and  that  growth  in  primary  cul¬ 
tures  of  androgen-dependent  and  recurrent  CWR22  cells  was 
inhibited  by  a  monoclonal  antibody  to  ErbB2  that  blocked 
heregulin-induced  activation  of  MAPK  and  Akt  (94). 

The  link  between  EGF  signaling  and  AR  is  supported  by  a 
number  of  previous  studies,  most  of  which  relied  on  the  over¬ 
expression  of  key  signaling  molecules.  In  the  LNCaP  prostate 
cancer  cell  line,  increased  growth  and  PSA  expression  were 
observed  after  stable  overexpression  of  ErbB2  through  the 
MAPK  pathway  (99).  Overexpression  of  ErbB2  was  associated 
with  ligand-independent  activation  of  AR  in  recurrent  prostate 
cancer  growth  (99).  Cell  signaling  by  interleukin-6  in  LNCaP 
cells  was  mediated  by  tyrosine  phosphorylation  of  ErbB2  and 
ErbB3  (100).  Stable  overexpression  of  a  constitutively  active 
mitogen-activated  protein  kinase  kinase  kinase  1-induced  apo¬ 
ptosis  in  LNCaP  cells  expressing  AR,  but  there  was  no  change 
in  PC3  or  DU145  cells  that  lack  AR  expression  (101).  ErbB2 
was  reported  to  activate  Akt-directed  phosphorylation  at  AR 
serine  residues  213  and  791  in  association  with  growth  of 
recurrent  prostate  cancer  in  the  absence  of  androgen  (102). 
MAPK-directed  AR  phosphorylation  was  also  implicated  in 
hormone-independent  AR  activation  in  prostate  cancer  (99, 
101).  Overall,  the  results  support  the  link  between  the  MAPK 
pathway  and  AR  transcriptional  activity. 

The  data  presented  in  this  report  indicate  that  increased  AR 
transcriptional  activity  occurs  in  response  to  EGF  in  part  from 
an  increase  in  the  androgen-dependent  association  between  AR 
and  TIF2/GRIP1.  The  interaction  between  pl60  coactivator 
TIF2/GRIP1  and  AR  is  mediated  primarily  by  binding  of  the 
third  LXXLL  motif  of  TIF2  to  the  AF2  hydrophobic  surface  in 
the  AR  ligand  binding  domain  (103-105).  Under  normal  condi¬ 
tions  of  low  coactivator  expression  as  shown  here  for  a  human 
foreskin  fibroblast  cell  line,  AR  interaction  with  pl60  coactiva¬ 
tors  might  be  limited  by  the  lower  binding  affinity  of  the  coac¬ 
tivator  LXXLL  motifs  to  the  AR  AF2  binding  site  compared 
with  binding  of  the  AR  NH2-terminal  FXXLF  motif  that  medi¬ 
ates  the  androgen-dependent  N/C  interaction  (66,  106).  An 
optimal  transcriptional  response  of  AR  to  TIF2/GRIP1  depends 
on  the  interaction  between  the  LXXLL  motifs  and  the  AR  AF2 
region  (68).  We  have  shown  previously  that  increased  levels  of 
pl60  coactivators  compete  for  the  androgen-induced  N/C  inter¬ 
action  to  gain  access  to  the  AF2  region  in  the  ligand  binding 
domain  (67).  Mutating  Ser736  adjacent  to  the  third  and  predom¬ 
inant  interacting  LXXLL  motif  of  TIF2/GRIP1  reduced  the 
interaction  between  TIF2/GRIP1  and  AR,  supporting  a  key  role 
for  LXXLL  motif  binding.  The  importance  of  phosphorylation  at 
TIF2/GRIP1  serine  736  was  shown  previously  for  coactivation 
of  the  estrogen  and  progesterone  receptors  (83).  In  the  present 
report,  we  provide  further  evidence  that  this  MAPK  signaling 
pathway  contributes  to  increased  AR  transactivation  in  recur¬ 
rent  prostate  cancer. 

We  found  that  transient  expression  of  TIF2/GRIP1  in  the 
presence  of  DHT  and  EGF  had  a  stabilizing  effect  on  AR- 
FXXAA/AXXAA,  an  AR  with  mutations  in  the  NH2-terminal 
23FQNLF27  and  433WHTLF437  sequences  that  are  required  for 
the  androgen-induced  AR  N/C  interaction  (66-68).  Mutations 


2  C.  W.  Gregory,  W.  McCall,  X.  Fei,  Y.  E.  Whang,  F.  S.  French,  E.  M. 
Wilson,  and  H.  S.  Earys,  unpublished  results. 
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that  cause  loss  of  the  N/C  interaction  allow  greater  accessibility 
of  AF2  in  the  ligand  binding  domain  to  activation  by  pl60 
coactivators  such  as  TIF2/GRIP1  (67).  Surprisingly,  whereas 
loss  of  the  N/C  interaction  reduced  AR  transactivation  of  the 
PSA  promoter  in  other  cell  lines  (68),  this  mutant  was  as 
effective  as  wild-type  AR  when  assayed  in  the  CWR-R1  cell 
line,  supporting  the  notion  that  higher  levels  of  TIF2  compen¬ 
sate  for  loss  of  the  AR  N/C  interaction. 

EGF  also  increased  transactivation  by  the  AR  NH2-terminal 
and  DNA  binding  domain  fragment  AR  1-660  that  lacks  the 
ligand  binding  domain.  This  agrees  with  previous  reports  that 
pl60  coactivators  interact  with  multiple  regions  of  steroid  re¬ 
ceptors,  including  an  interaction  between  the  glutamine-rich 
region  of  pl60  coactivators  and  the  NH2-terminal  domains  of 
steroid  receptors  (70,  107,  108).  The  EGF-induced  increased  in 
TIF2/GRIP1  activity  in  CWR-R1  cells  therefore  also  probably 
contributes  to  AR  transactivation  through  interactions  with 
the  AR  NH2-terminal  region.  Previous  studies  on  the  effects  of 
EGF  on  the  progesterone  and  estrogen  receptors  support  in¬ 
creased  pl60  coactivator  activity  as  a  mechanism  for  growth 
factor  regulation  of  nuclear  receptors  (83). 

Evidence  presented  here  and  previously  suggests  that  recur¬ 
rent  prostate  cancer  is  influenced  by  autocrine  loops  involving 
EGF  signaling.  Recurrent  growth  of  the  androgen-dependent 
CWR22  xenograft  in  the  absence  of  testis-derived  androgen 
occurred  in  the  presence  of  increased  expression  of  TGF a, 
which  could  establish  an  autocrine  regulatory  loop  through  the 
EGF  receptor  (87).  Recurrent  CWR22  tumors  express  high 
levels  of  EGF-related  ligands  compared  with  the  androgen-de¬ 
pendent  tumor  (94),  and  increased  immunostaining  of  TGFa 
was  found  in  recurrent  CWR22  xenografts  (87).  Further  sup¬ 
port  for  an  autocrine  regulatory  loop  comes  from  observations 
that  CWR-R1  cells  express  EGF,  heparin-binding  EGF,  TGFa, 
and  heregulin  messenger  RNAs.2  In  the  present  report,  we 
show  that  ZD1839,  an  EGF  receptor  (ErbBl)-specific  inhibitor, 
did  not  diminish  the  transcriptional  activity  of  endogenous  AR 
in  CWR-R1  cells,  whereas  the  downstream  MEK  inhibitor 
U0126  decreased  DHT-induced  AR  transactivation  in  CWR-R1 
cells  in  the  absence  of  added  EGF.  These  data  suggest  that  an 
endogenous  EGF  or  TGFo-like  ligand  induces  MAPK  signaling 
independent  of  the  EGF  receptor,  ErbBl.  The  ErbB2  and 
ErbB3  receptors  may  therefore  be  key  modulators  of  AR  acti¬ 
vation  in  CWR-R1  cells,  as  reported  for  heregulin  and  ErbB3  in 
advanced  prostate  cancer  (61).  EGF-related  peptides  produced 
by  CWR-R1  cells  could  interact  with  other  members  of  the  EGF 
receptor  family  (50).  Our  studies  did  not  provide  evidence  that 
autocrine  signaling  through  the  EGF  receptor  family  can  over¬ 
ride  a  requirement  for  androgen.  Rather,  autocrine  regulation 
of  recurrent  prostate  cancer  cells  appears  to  contribute  to  an¬ 
drogen-activated  AR-mediated  gene  transcription.  Earlier  evi¬ 
dence  suggested  that  prostate  cancer  cells  establish  an  auto¬ 
crine  loop  through  EGF  or  TGFa  and  their  receptors  (109),  and 
studies  cited  above  indicate  that  this  autocrine  loop  is  present 
in  the  recurrent  CWR22  xenograft  and  CWR-R1  cell  line. 

The  apparent  requirement  for  androgen  by  recurrent  pros¬ 
tate  cancer  cells  for  AR  transactivation  raises  the  question  of 
the  source  of  ligand.  In  prostate  cancer  patients  that  are  cas¬ 
trated  or  treated  with  luteinizing  hormone-releasing  hormone 
agonists  to  suppress  testicular  androgen  production  in  re¬ 
sponse  to  pituitary  luteinizing  hormone,  adrenal  androgens 
circulate  at  levels  sufficient  to  serve  as  precursors  for  the 
biosynthesis  of  testosterone  and  DHT.  Remarkably,  testoster¬ 
one  levels  in  recurrent  prostate  cancer  tissue  specimens  during 
androgen  withdrawal  therapy  were  found  to  be  similar  to  levels 
in  benign  prostate  hyperplasia  tissue  from  untreated  patients 
(110).  DHT  levels  in  recurrent  prostate  cancer  tissue  were 


reduced  to  10%  compared  with  benign  prostate.  These  results 
suggest  that  tissue  androgen  production  may  be  sufficient  in 
recurrent  prostate  cancer  to  activate  AR  after  the  withdrawal 
of  circulating  androgen.  Furthermore,  the  range  of  steroids 
that  activate  AR  in  some  prostate  cancers  is  increased  by 
certain  AR  mutations  in  the  ligand  binding  domain,  such  as  the 
LNCaP  AR  mutant  T877A  and  AR-H874Y  mutant  in  the 
CWR22  tumor  and  derived  cell  lines  (31).  Human  prostate 
cancer  xenografts  expressing  wild-type  AR  (10,  86)  have  a 
pattern  of  recurrent  growth  in  nu/nu  mice  like  that  for  recur¬ 
rent  prostate  cancer  in  patients  after  androgen  deprivation  by 
castration,  suggesting  that  tissue  androgen  or  other  AR-acti- 
vating  ligands  are  sufficient  in  the  xenografts  to  trigger  AR 
transactivation. 

Therapeutic  strategies  for  prostate  cancer  have  been  aimed 
recently  at  inhibiting  the  EGF  signaling  pathway.  Inhibitors 
such  as  GW572016  gained  attention  in  attempts  to  block  tumor 
progression  (111).  This  approach  was  effective  in  targeting 
ErbB2  for  the  treatment  of  breast  cancer.  But  unlike  breast 
cancer,  where  ErbB2  receptors  are  frequently  overexpressed 
(112),  these  receptors  are  present  but  not  highly  expressed  in 
most  recurrent  prostate  cancer  specimens  (90,  99).  Clinical  tar¬ 
geting  of  ErbB2  with  antitumor  agents  such  as  Herceptin  (tras- 
tuzumab),  a  humanized  monoclonal  antibody  to  the  extracellular 
domain  of  ErbB2,  was  ineffective  in  advanced  prostate  cancer 
patients  that  were  negative  for  ErbB2  expression  (113)  but  more 
effective  when  receptors  were  overexpressed  (114).  The  anti- 
ErbB2  antibody  Herceptin  inhibited  growth  of  androgen-depend¬ 
ent  CWR22  and  LNCaP  xenografts  but  did  not  inhibit  growth  of 
the  recurrent  CWR22  tumor  (115).  A  monoclonal  antibody  that 
binds  a  different  region  from  the  Herceptin  binding  site  inhibited 
association  of  ErbB2  receptor  with  other  EGF  receptor  family 
members,  blocking  heregulin-mediated  signaling  in  androgen- 
dependent  and  -independent  prostate  cancer  cell  lines  (94).  Other 
approaches  have  been  taken  to  inhibit  prostate  tumor  growth  by 
indirectly  targeting  the  AR.  Proliferation  of  prostate  cancer  cells 
and  xenografts  was  reduced  by  an  hsp90  inhibitor  and  decreased 
AR,  ErbB2,  and  Akt  expression  levels,  supporting  the  role  of 
these  pathways  in  androgen-dependent  and  recurrent  tumor 
growth  (116). 
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The  NH2-terminaI  sequence  of  steroid  receptors  is 
highly  variable  between  different  receptors  and  in  the 
same  receptor  from  different  species.  In  this  study,  a 
primary  sequence  homology  comparison  identified  a  14- 
amino  acid  NH2-terminal  motif  of  the  human  androgen 
receptor  (AR)  that  is  common  to  AR  from  all  species 
reported,  including  the  lower  vertebrates.  The  evolu- 
tionarily  conserved  motif  is  unique  to  AR,  with  the  ex¬ 
ception  of  a  partial  sequence  in  the  glucocorticoid  re¬ 
ceptor  of  higher  species.  The  presence  of  the  conserved 
motif  in  AR  and  the  glucocorticoid  receptor  and  its  ab¬ 
sence  in  other  steroid  receptors  suggests  convergent 
evolution.  The  function  of  the  AR  NH2-terminal  con¬ 
served  motif  was  suggested  from  a  yeast  two-hybrid 
screen  that  identified  the  COOH  terminus  of  the  Hsp70- 
interacting  protein  (CHIP)  as  a  binding  partner.  We 
found  that  CHIP  functions  as  a  negative  regulator  of  AR 
transcriptional  activity  by  promoting  AR  degradation. 
In  support  of  this,  two  mutations  in  the  AR  NH2-terminal 
conserved  motif  previously  identified  in  the  transgenic 
adenocarcinoma  of  mouse  prostate  model  reduced  the 
interaction  between  CHIP  and  AR.  Our  results  suggest 
that  the  AR  NH2-terminal  domain  contains  an  evolution- 
arily  conserved  motif  that  functions  to  limit  AR  tran¬ 
scriptional  activity.  Moreover,  we  demonstrate  that  the 
combination  of  comparative  sequence  alignment  and 
yeast  two-hybrid  screening  using  short  conserved  pep¬ 
tides  as  bait  provides  an  effective  strategy  to  probe  the 
structure-function  relationships  of  steroid  receptor 
NH2-terminal  domains  and  other  intrinsically  unstruc¬ 
tured  transcriptional  regulatory  proteins. 


Steroid  receptors  depend  on  multiple  domains  for  their  func¬ 
tion  as  ligand-dependent  transcriptional  activators.  The  DNA- 
and  ligand-binding  domains  have  been  studied  extensively  and 
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have  a  high  degree  of  structural  and  functional  conservation. 
In  contrast,  the  largely  unstructured  NH2-terminal  domains 
(1-3)  are  highly  variable  in  size  and  sequence,  and  the  molec¬ 
ular  mechanisms  that  contribute  to  transactivation  are  not 
well  understood.  The  size  of  the  NH2-terminal  region  of  steroid 
receptors  increases  with  evolutionary  expansion  (4,  5),  from 
estrogen  receptor-a  (185  amino  acid  residues)  to  the  glucocor¬ 
ticoid  receptor  (GR1;  420  residues),  androgen  receptor  (AR;  558 
residues),  progesterone  receptor  (B  form;  566  residues),  and 
mineralocorticoid  receptor  (602  residues).  In  contrast,  tran¬ 
scription  factors  such  as  p53,  NF-kB,  and  VP16  typically  have 
transcriptional  activation  domains  of  <100  residues. 

The  importance  of  the  NH2-terminal  domain  for  AR  func¬ 
tional  activity  is  attributed  largely  to  activation  function- 1 
(AF1)  between  amino  acid  residues  142  and  337  (6).  This  region 
was  further  resolved  into  two  noncontiguous  activation  seg¬ 
ments,  AFla  and  AFlb  (7).  The  functional  importance  of  the 
AR  NH2-terminal  region  is  supported  by  the  extensive  post- 
translational  modification  that  occurs  in  the  region,  including 
phosphorylation  (8-10),  sumoylation  (11),  and  ubiquitylation 
(12,  13).  In  addition,  a  conserved  region  between  AR  residues 
225  and  259  in  the  region  of  AF1  was  predicted  to  form  an 
a-helix  and  to  contribute  to  AR  transactivation  and  was  shown 
to  be  a  binding  site  for  the  general  transcription  factor  TFIIF 
(14).  Earlier  evidence  also  suggested  that  the  AR  NH2-terminal 
region  contains  functional  domains  involved  in  transcriptional 
repression  (15).  In  contrast,  activation  function-2  (AF2)  in  the 
AR  ligand-binding  domain,  although  highly  conserved,  has  lit¬ 
tle  inherent  transcriptional  activity  when  assayed  in  mamma¬ 
lian  cells  ( 16). 

In  this  study,  we  identify  sequence  234AKELCKAVS- 
VSMGL247  in  the  human  AR  NH2-terminal  domain,  which  is 
highly  conserved  in  all  AR  sequences  characterized  thus  far 
through  multiple  fish  species.  Based  on  the  premise  that  strict 
amino  acid  sequence  conservation  indicates  a  site  of  critical 
function,  we  investigated  the  functional  importance  of  human 
AR  residues  234-247  using  a  yeast  two-hybrid  screen.  The 
COOH  terminus  of  the  Hsp70-interacting  protein  (CHIP)  was 
identified  as  a  binding  partner  and  was  found  to  contribute  to 
AR  down-regulation. 

MATERIALS  AND  METHODS 

Plasmids — The  yeast  vector  pGBT8  was  kindly  provided  by  Yue 
Xiong  (University  of  North  Carolina,  Chapel  Hill).  pCMV-hAR-L237A/ 


1  The  abbreviations  used  are:  GR,  glucocorticoid  receptor;  AR,  androgen 
receptor;  AF,  activation  function;  CHIP,  COOH  terminus  of  the  Hsp70- 
interacting  protein;  GST,  glutathione  S-transferase;  TPR,  tetratricopep- 
tide  repeat;  MMTV,  mouse  mammary  tumor  virus;  Luc,  luciferase;  DHT, 
dihydrotestosterone;  TRITC,  tetramethylrhodamine  isothiocyanate;  E3, 
ubiquitin-protein  isopeptide  ligase;  TRAMP,  transgenic  adenocarcinoma 
of  mouse  prostate;  PSA-Enh-Luc,  prostate-specific  antigen  enhancer 
luciferase. 
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K239M/V241A/V243A,  pCMV-hAR-A234T,  and  pCMV-hAR-E236G  (17) 
were  created  using  a  double  PCR  strategy  by  cloning  the  fragment  into 
the  Aflll  and  BstEII  sites  of  pCMV-hAR.  The  yeast  bait  vector  pGBT8- 
AR-(220-270)  contains  the  conserved  sequence  234AKELCKAVS- 
VSMGL247  and  was  constructed  by  PCR  amplifying  the  corresponding 
region  of  human  AR  and  inserting  the  fragment  into  the  EcoRI  and 
BamHI  sites  in  the  pGBT8  vector  and  was  confirmed  by  DNA  sequenc¬ 
ing.  GST-AR-(220-270)  and  GST-AR-(220-270m4),  which  contains  mu¬ 
tations  L237A/K239M/V241A/V243A,  were  created  by  digesting 
pGBT8-AR-(220-270)  with  and  without  the  mutations  with  EcoRI  and 
Sail  and  cloning  the  fragment  into  the  EcoRI  and  Sail  sites  of  pGEX- 
5X-1.  GST-AR-(220-270)-A234T  and  GST-AR-(220-270)-E236G  were 
made  by  PCR  amplifying  the  corresponding  regions  of  pCMV-hAR- 
A234T  and  pCMV-hAR-E236G,  and  the  fragment  was  inserted  into  the 
EcoRI  and  Sail  sites  of  pGEX-5X-l.  Gal-AR-(234-247)  and  Gal-AR- 
(229-254),  coding  for  the  Gal4  DNA-binding  domain  fusion  protein  with 
the  indicated  AR  NH2-terminal  residues,  were  created  by  cloning  two 
annealed  oligonucleotides  into  the  EcoRI  and  BamHI  sites  of  pGalO. 
Gal-AR-(220-270)  and  Gal-AR-(220— 270m4)  were  created  by  PCR  am¬ 
plifying  the  corresponding  regions  of  AR  and  ARm4  (AR  with  mutations 
L237A/K239M/V241A/V243A)  and  cloning  into  the  EcoRI  and  BamHI 
sites  of  pGalO.  pCMV5-CHIP  and  pCMV5-CHIPATPR,  expressing 
CHIP  with  a  deletion  of  the  tetratricopeptide  repeat  (TPR)  domain  at 
residues  27-147  (see  Fig.  3A),  were  created  by  digesting  pcDNA3-CHIP 
and  pcDNA3-CHIPATPR  with  EcoRI  and  Xbal  and  ligating  the  inserts 
to  the  EcoRI  and  Xbal  sites  of  pCMV5.  All  PCR-amplified  sequences 
were  verified  for  the  absence  of  random  errors. 

Yeast  Two-hybrid  Screen — A  two-hybrid  screen  of  a  human  testis 
library  was  performed  by  sequential  transformation  of  bait  and  library 
plasmids  as  recommended  by  the  manufacturer  (Clontech,  YEAST- 
MAKER  Transformation  System  2  user’s  manual,  catalog  number 
K1606-1).  Yeast  strain  HF7c  was  transformed  with  the  bait  vector 
pGBT8-AR-(220-270)  and  plated  onto  synthetic  medium  lacking  Trp 
with  the  addition  of  0.8  mM  3-amino-l, 2, 4-triazole  to  inhibit  intrinsic 
activity.  The  yeast  clone  containing  the  bait  vector  was  transformed 
using  100  pg  of  an  amplified  human  testis  MATCHMAKER  cDNA 
library  (BD  Biosciences)  and  plated  onto  synthetic  medium  lacking  Leu, 
Trp,  and  His  with  the  addition  of  0.8  mM  3-amino-l, 2, 4-triazole.  Yeast 
colonies  grown  on  synthetic  medium  lacking  Leu,  Trp,  and  His  were 
further  tested  for  activity  using  a  two-hybrid  interaction  /3-galactosid- 
ase  filter  assay  performed  following  the  instructions  of  the  manufac¬ 
turer  (Clontech,  yeast  protocols  handbook,  catalog  number  PT3024-1, 
PR13103).  Large  fresh  colonies  were  transferred  to  Whatman  No.  5 
filter  paper,  and  the  filters  were  immersed  in  liquid  nitrogen  for  10  s 
and  allowed  to  thaw  at  room  temperature.  Freshly  prepared  Z  buffer 
containing  60  mM  NA2HP04,  40  mM  NaH2P04,  10  mM  KC1,  1  mM 
MgS04,  50  mM  2-mercaptoethanol,  pH  7.0,  and  0.33  mg/ml  5-bromo-4- 
chloro-3-indolyl-/3-D-galactopyranoside  (X-gal)  was  added  to  the  filter 
and  incubated  at  room  temperature  to  score  blue  colonies  after  30  min 
to  overnight.  Plasmids  from  the  positive  yeast  colonies  in  the  /3-galac- 
tosidase  filter  assay  were  rescued.  Colonies  that  grew  on  synthetic 
medium  lacking  Leu  gradually  lost  the  bait  vector,  but  not  the  library 
plasmids.  The  library  vector  was  purified  using  the  Clontech  YEAST- 
MAKER  yeast  plasmid  isolation  kit  (catalog  number  K1611-1). 

In  Vitro  Protein  Interaction  Assay — GST-AR-(220-270),  GST-AR- 
(220-270m4),  GST-AR-(220-270)-A234T,  and  GST-AR-(220-270)- 
E236G  were  expressed  from  pGEX-5X-l  as  GST  fusion  proteins.  The 
GST  fusion  proteins  were  expressed  in  Escherichia  coli  XL  1 -Blue  cells 
treated  with  0.5  mM  isopropyl-/3-D-thiogalactopyranoside;  extracted  in 
0.15  M  NaCl,  5  mM  EDTA,  10%  glycerol,  100  pM  phenylmethylsulfonyl 
fluoride,  10  mM  dithiothreitol,  and  50  mM  Tris-HCl  (pH  8.0);  and  incu¬ 
bated  with  glutathione-agarose  beads  (Amersham  Biosciences)  as  de¬ 
scribed  (18).  Full-length  CHIP  and  mutants  CHIPATPR,  CHIPAU,  and 
CHIP-K30A  were  expressed  from  pcDNA3  and  in  vitro  translated  in  the 
presence  of  25  pCi  of  [35S] methionine  (PerkinElmer  Life  Sciences)  using 
the  TnT  T7  quick  coupled  transcription/translation  system  (Promega). 
Washed  beads  were  boiled  in  SDS-containing  buffer.  Input  lanes  con¬ 
tained  30%  of  the  binding  reactions. 

Transient  Transfection  Assays — Human  hepatocellular  carcinoma 
HepG2  cells  (American  Type  Culture  Collection)  were  maintained  in  5% 
C02  at  37  °C  in  Eagle’s  minimal  essential  medium  (Invitrogen)  contain¬ 
ing  10%  fetal  bovine  serum  (Gemini  Laboratories),  0.1  mM  nonessential 
amino  acids,  1  mM  sodium  pyruvate,  2  mM  L-glutamine,  and  penicillin 
and  streptomycin.  Cells  were  plated  at  2  X  105  cells/well  on  12-well 
tissue  culture  plates  and  transfected  with  the  indicated  concentrations 
of  expression  vector  DNA  and  0.1  pg  of  5xGal4-Luc3  reporter  vector 
using  (per  well)  50  pi  of  EC  buffer  (QIAGEN  Inc.),  1  pg  of  enhancer,  and 
1  pi  of  Effectene.  24  h  after  transfection,  the  medium  was  changed  to 


serum-free  medium,  and  when  appropriate,  the  indicated  hormones 
were  added.  Luciferase  activity  was  determined  24  h  later  by  harvest¬ 
ing  cells  in  0.22  ml  of  lysis  buffer  containing  1%  Triton  X-100,  2  mM 
EDTA,  and  25  mM  Tris  phosphate  (pH  7.8)  (19).  After  a  30-min  incu¬ 
bation  at  room  temperature,  0.1-ml  aliquots  were  assayed  for  luciferase 
light  units  using  a  LumiStar  Galaxy  multiplate  reader  luminometer 
(BMG  Labtechnologies). 

To  measure  inherent  transcriptional  activation  by  the  AR  NH2-ter- 
minal  conserved  motif,  Gal4  DNA-binding  domain  fusion  proteins  were 
expressed  in  HepG2  cells  with  the  indicated  regions  of  the  AR  NH2- 
terminal  domain  and  the  5xGal4-Luc3  reporter  vector.  The  effect  of  the 
NH2-terminal  conserved  motif  on  AR  transactivation  was  determined 
in  HepG2  cells  using  full-length  AR  vectors  with  the  indicated  deletions 
or  mutations  and  the  mouse  mammary  tumor  virus-luciferase  (MMTV- 
Luc)  reporter  or  the  PSA-Enh-Luc  reporter  (provided  by  Michael  Carey, 
University  of  California,  Los  Angeles).  The  influence  of  CHIP  on  AR 
transcriptional  activity  was  determined  in  HepG2  cells  using  (per  well) 
50  ng  of  pCMV5  AR  expression  vector,  25  ng  of  pCMV5-CHIP  and 
pCMV5-CHIPATPR  vectors,  and  0.25  pg  of  MMTV-Luc  reporter.  Cells 
were  incubated  for  24  h  in  the  absence  and  presence  of  the  indicated 
hormones  and  assayed  for  luciferase  activity  as  described  above. 

In  mammalian  two-hybrid  experiments,  human  epithelioid  cervical 
carcinoma  HeLa  cells  were  maintained  in  Eagle’s  minimal  essential 
medium  supplemented  with  10%  fetal  bovine  serum,  2  mM  L-glutamine, 
and  penicillin  and  streptomycin.  HeLa  cells  (1.5  X  105/well  of  12-well 
plates)  were  transfected  with  0.1  pg  of  5xGal4-Luc3  reporter  and  the 
indicated  AR  and  CHIP  vectors  using  Effectene  as  described  above. 

Immunoblot  Analysis — Monkey  kidney  COS  cells  were  cultured  in 
Dulbecco’s  modified  Eagle’s  medium  containing  10%  bovine  calf  serum 
(Hyclone  Laboratories),  2  mM  L-glutamine,  20  mM  HEPES  (pH  7.2),  and 
penicillin  and  streptomycin  in  a  5%  C02  incubator  at  37  °C.  Cells  (1.5  X 
106/10-cm  dish)  were  transfected  using  DEAE-dextran  or  the  Effectene 
reagent  kit  (QIAGEN  Inc.),  which  included  (per  10-cm  dish)  0.3  ml  of 
EC  buffer,  16  pi  of  enhancer,  10  pi  of  Effectene,  and  1  ml  of  medium 
added  to  7  ml  of  fresh  medium.  After  transfection,  the  medium  was 
replaced  with  serum-free  medium  with  and  without  50  nM  dihydrotes¬ 
tosterone  (DHT).  The  next  day,  cells  were  washed  with  cold  phosphate- 
buffered  saline  and  harvested  in  1  ml  of  phosphate-buffered  saline. 
After  centrifugation  at  5000  rpm  at  4  °C,  cells  were  suspended  in  0.1  ml 
of  lysis  buffer  containing  0.15  M  NaCl,  0.5%  Nonidet  P-40,  50  mM  NaF, 
1  mM  dithiothreitol,  50  mM  Tris-HCl  (pH  7.5),  1  mM  phenylmethylsul¬ 
fonyl  fluoride,  and  protease  inhibitor  mixture  (Sigma)  and  incubated  for 
1  h  at  0  °C.  After  centrifugation  at  12,000  rpm  for  15  min  at  4  °C,  the 
supernatant  protein  concentration  was  determined  using  the  Bio-Rad 
assay.  Samples  (10  pg  of  protein/lane)  were  separated  on  10  or  8—16% 
acrylamide  gels  containing  SDS.  After  electrophoresis,  gel  proteins 
were  electrophoretically  transferred  to  nitrocellulose  membranes.  The 
blots  were  incubated  with  1  pg/ml  rabbit  antibody  AR32,  raised  against 
an  AR  NH2-terminal  peptide,  or  with  a  1:500  dilution  of  mouse  anti- 
Gall  DNA-binding  domain  IgG2a  (sc-510,  Santa  Cruz  Biotechnology). 
Immunoreactive  bands  were  visualized  using  chemiluminescence 
(SuperSignal  Western  Dura  extended  duration  substrate,  Pierce). 

Immunocytochemistry — COS  cells  (1.25  X  106/well)  were  transfected 
in  12-well  tissue  culture  plates,  with  each  well  containing  a  0.15-mm 
thick  cover  glass  (Fisher).  Cells  were  transfected  using  Effectene  as 
described  above  with  0.2  pg  of  pCMV-hAR  and  pCMV5-FLAG-CHIP 
and  treated  with  and  without  100  nM  DHT  24  and  48  h  after  transfec¬ 
tion.  Cells  were  fixed  with  freshly  prepared  3%  paraformaldehyde, 
permeabilized  with  0.2%  Triton  X-100,  blocked  with  0.5%  bovine  serum 
albumin  as  described  (20),  and  incubated  for  1  h  with  primary  antibod¬ 
ies:  mouse  anti-FLAG  monoclonal  antibody  M2  (1:250  dilution;  Sigma) 
and  rabbit  anti-AR  polyclonal  antibody  3510  (1:250  dilution;  Abeam, 
Inc.).  After  several  washes  with  phosphate-buffered  saline,  cells  were 
incubated  for  30  min  with  secondary  antibodies:  TRITC-conjugated 
AffiniPure  donkey  anti-mouse  IgG  (1:50  dilution;  Jackson  ImmunoRe- 
search  Laboratories,  Inc.)  and  fluorescein  isothiocyanate-conjugated 
AffiniPure  donkey  anti-rabbit  IgG  (1:50  dilution;  Jackson  Immuno- 
Research  Laboratories,  Inc.).  The  cover  glasses  were  mounted  on  slides 
using  DakoCytomation  fluorescent  mounting  medium  (Fisher)  and 
viewed  using  a  Zeiss  LSM  210  confocal  microscope. 

RESULTS 

Identification  of  an  AR  NH2-terminal  Conserved  Motif — 
Comparison  of  AR  NH2-terminal  sequences  from  human  to 
lower  vertebrates  shows  that  much  of  the  region  is  not  con¬ 
served  (Fig.  1A).  This  is  despite  the  important  functional  role  of 
the  AR  NH2-terminal  domain  in  transactivation  (6).  Among  the 
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_  _ -KDGSi  QAHRRGPTGYLVLDEEQQPSQPQSALECHPERGCVPEPGAAVAASKGLP 

* -QQRQETSPRRRRRQQHPEDGS: QAHIRGTTGYXALEEEQQPSQQQSASEGHPESGCLPEPGAATAPGKGLP 

- EAPGTRRWSEASPQDGTPL - NPWVTHP - PAPWRE  -AQAEAAP 

- LQETDSTEKR-  PSKLS  r  SKGI - ICCPKXECE  SASSX - MRSS IGSKSDTS 

- LQETASREMR-LSKLSFRRGI - LRSPEKECE  TISVIQLAASRIHFLKSSTESKSDSS 

- LQNRH  FCE  RQENKQP  CKGLGLFY  GNHRN  SDTGTNEDD I ACFSRQSDAEARPG I FSES  SLDTGDE 

L'-SQTNGQIFSKGQ-  -FHGTSRNLDTELQEAD  ANFPHQPEAEARR1 HFTKSS-  -DSKG 

- LQNKQPWE!  1RQASRQSSRKE 1  -  -WSGTARNSDIEVREDD  5 VGFSRTLE  SVACR I H  FAKS  SKGNKAG 

- MQNKHPWE'  RQTKRQS  RKEI--SSGTARNSDIEVKEDD  ISFSRTLESDARRIHFAKSSTGNKTG 

MSQTTRELFCAKI . WPEDRKSYTGDWSAASMAQ-KTEESRVYFTKTPAGSSAA 

"SQTSGQLSCTKI - WSRGEKVKTGDAVS  APSMAQ-HTEESPLRVSRNSTGNGAG 
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QQLPAPPDEDDSAAPSTLSLL  PTFPGLSS  SADL  DI LSEASTMQLLQQQQQ- 

QQPPAPPDQDDSAAPSTLS  LQ PTFPGLS  SADI  DIL  I - 

QNPAGRTE - AQFPALGD  PTELKE I L- 

LSCSGR-  - ADATES - S  SRAGFLRGAESGQ  SCAT — 

LSSSGSGLADATES - SDSRAGFLRGAESGQ-  GYGA- - 

1TCKLQSDMQGVRA - SGPLLPGSSQCNSQQKSSLA — 

DSSILE PDNAQCNA - YG PFLSDLHDCCTDQK8SLP — 

FSSLNESDNPNAHE - YGSCRSGQQVSMTEQQSCQP-  - 

FSSVNE  LD  Y  PNAMG - Y I 3  SGRPGPLAC  NTKQQCCQP — 

-  -SLAESEHA-  -ML - Y- -GHIIPLA  DMEKP  CCQT-  - 

-  -RMREADNADPNT - YESGHMI PLV  DMEKHCCQT-  - 


263 

I 


220  234  247  256 

I  III 

-EAVSEGSSSGRAREASGAPTSSKDNYLGGTST I SDH AXE LCKAVSVSMGLGVEALEHLSPGE- - -QL 

- EGSSSVRAREATGAPSSSKDSYLGGNS  S  -  KAVSVSMGLOVKALi-.HLSPGE - QL - RG 

-GEQSGRILESEETP- AEKEGFSGPPEG I SD8AKE  LCKAVSVSL  il.SMEALEHLSAGAGEAQQ - RG 

-AEVHSRRi  ARVASSSRACNTTTSSSSSSS I SE TARE LCKAVSVSL  A  ‘  SSi  LG:  VEPHHVPPPLTTKSSS 
-AEVH-KHFLGSGRDASVASC  SRACS  SGI  1 1 SE TARE  LCKAVSVSL  ■ :  AMT.SSELGEVGPHHAPP-LTTESSS 
-CTSQQ- R  •  TT9QSDTCAGE - SCSEBQATT I SE T ARE  LCMAVSVS LGLMLDUIDMN:  LSSNQISS- -TESDTS 
-TAPRNRRE INPHSOACVSN- SCSESACTT I SETARE LCKAVSVSL  •  N  '  SN  MN- PGHNLA-S- -SLGSDL 
-SVSHHGN-:LNHHSEACVAS-SCS8SACSTIS1CTARELCWAVSVSLG:.TMDANEMTDLGPWHAPS--SVNHQS 
-AVPHHGV  LSPNSYARVAN-  C  N  ACT  t SETARELCHAVSVSLGLTMDIXEMN:  LGPNYAPS- -SANDQS 
-AAAP--QEEL-SAECKVGD-SRSFSACAT I SETARE LCKAVSVSL  .. AMESGDTSETHVSLPQC — AANDQH 
-AAAP- -QL  ELFNADCRVGD-SRSFSACAT I SETARE  LCKAVSVSLGLAME8WDPS: MDAALSQC - - AANDQL 

MSFHSVIEGTNSLTMNEGDRLDTTIYACP  YELSKAVSVSL  DSVSSPPNNMNQSSSSA - 

MSFHSFLEETNSLTMNEGDRLDTT  YACP  YELSKAVSVSL  DSVSSPPN»MNQSSSSA - 
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human  DCMY APLLGVP PA VRPTPC'  PLA  CKGSLLDDSAGKSTEDTAEYSPFKGGYTK - G :  EG  SLGCSGSAAAGSSG - TLELPST  ; SLYKSGA-LD  AAAYQSR  YYNFPLALAGPPPP  PPPHPHARIKLENPLDYGS-AWA 

rat  DCmASLLGGPPAVRPTPCAPLA-  CKGLSLDEGPGKGTEETAEYSSFKGGYAK - GLEGESLGCSGSSEAGSSG - TLE IPSSLSLYKSGA-VD  AAAYQNR:  YYNFPLALSGPPHP  PPTHPHARIKLENPLDYGS-AWA 

xanopus  DOfrAHPPDTHKCQVAEEDKSDTRDGPFRRSSQSNFATGKSPEDGGGGGGG  SAGGSEEKEQPCTDLALPEPAGGYRHRAMELTPS  TLYKPTAFME  SPGYPSR  FYSFQMAIA - PHGRIKVENPMEYGGGAWG 

goldfish  ERIYLFGMPLLNCSVSERXAGGIO  REYALAAG-RDRGAELRGRDRLLE  C  -  GDLEQ: AGL  .TTLQCSSASRSHLTADAQGVH-EI-ASVSCTIANLSSLGTTGPDMLETRAASCQFEQ-LL; VSMAHFVQPEL - ENGPNQS 

minnow  OEKY - MPLLDCSVSEPGAGAK  REYAlAMGQRDRGLELRGRDKVLGf  :  •  SSDLVQLAGCVTT9QYSNASKSHLTSAliQEVH-E  ASMSCT)IANPSSKGTAASDMDATHAASCQFEQ-LL;  ASMAHFVHPEF - ENGPSQS 

eel -a  QAI  Y LFXSS -  PGY TGVGLNA LVR  CKCQSAR - EGTSTQQYDR-GAMFKIHFVMDLPLQPAPPRHTS I SDAKW - D -M- EAG :  CAQMEHKDSEKCAN -MDGAHSTSVFSQFDQ- L I  VNASHYSQHVSVRVEPQSDFSPI 

eel-p  RKNFMFEVPFLGSSGTQESVPRAEYKCARLH - DGQLLQND-ELSOtt  KTTHVQGLTNEVAP-SHLS 5SYSHH - DTQ-ETR  -HAETETSASKEQASCMTMDAARSGFCQFDQ-LLPTTLAQYSQIDPLSHGRSNFRSQF 

trout-a  QGNVLr  EVPLLKCSGAGKNVSIT  YTCPSER - NAKPLQSD KQL VEM F QRS P AND I  TE KV AT IQHL SSGH PC T - DKQ-E  R  NENRDDPTSK  TDHFLNT-GARSRSYHFDQ-LLi’AHLAHFSQTET - DRNSSHV 

trout-p  QGNVLFQVPLLNCSGAEENVSIT  YKCPSER - NARPLQSDTR-VK  PAND  TE  ATMEHL  RHPST - GEQ-EFRLNEKSDDPTSKFTENSLST-RARSASCHFDP-L:  AHL'HFSQTDP - DRISSHV 

tilapia-p  SAEYLFGVEAVPANCPGAPASLSl YRCPERD- -ERPPHDHKQQ - VKMLKSSEPA - AAFHHLS STATSV - NAQ-NFTLCEADDITPKEID - HLD1ACAASCPYAPAA-  EPL  QFGPAAA - QRPCR 

bream  RGE Y L I  GVGAAPLSC PGAQAAVS  YKCPE - ERPLHGHKQQQQLMD  <SSETG - AHLQHLT  TRTPV - DEH-NFT LCKAEDLTPEETA - HQ  SVRAAACPYAQSA  GNM.  HFGSPAP- . ERPWQ 

burtoni  - FAECDS-TVADTSRGVP?  LR - RTGNMNSDSSLLVT  GDS  S  LREDDFGF  ’CQGIQQV  - CMDL - G SGEHDGAQTVTRG SVI S R YVCRE SNVFMNPT LE  ATPQVAEWPL - KPPSS 

tilapia-a  - FAECDSGTVADSSRGVPL  LR - RAOMNSDGSMFVLGD5 SLREDDFGE VCQGXQQVSCMDL - FGSGEMDSAQTVTRGSVISRYVCRESKVFHNPTPEC  APPQp/PGWPL - KPPSS 


human 
rat 
xanopus 
goldfish 
minnow 
eel -a 
eel-p 
trout-a 
trout-p 
tilapia-p 
bream 
burtoni 
tilapia-a 


399  433  437  543 

III  I 


AAAAQCRYGL  LASLHGGSVAGPSTGSPPATASSSWHTLFTAEEGQLYGP - -GGGGGSSSPSDAGPVAPYGYTRPPQGLASQEGDFSASEVWY  PGG-WNRVP  y  PSPSCVKS  EHSPWHENYSGPYGDHRLC  ST 

AAG---RYS  L - SGFAHCGATAGWHTLF--EEGQ - SSGSFAEAG - PYSYPRS-HGPAGADGEFP-SCAWr  »’APTMIGRVPY9GP--MKTt  HAP'«MtGYPGAFCTHRLEGG 

FAKPAEMSG  F - AGPVEDYVNLYNVKI  -AEFMP RELNDTWAYPHR-YAEDCNOiYGSPKQ-RTPYASGHDTHFICWPYEYGRNEALVPRERPPPEQWY ^PGG-MLTRPPYPNMPCLKNEHGNWL.  VTSLTDGRF—  DGR 

FAKPSAMSG  F - T ENYANQYNVKI KAEM4P RDLNGTHAYPHR-YADDSNG^YGPPKQ-RTTYATDHETPFlSH?YEYGQSGSLVPPiRPPPEQW'i'  PVG-MLGRPPYPNVPCVKHEVGEWLL VTSLTDGRF- -DAG 

LYKSPGI - QKHAEKYNVQYDATIKSEDGK-— TTSEREWGFQYR-YNESCSTPSAPPRHCAHQNRAGPYNQFFFH  FEYAKRC-WSRXGYSLF.BGHNH— LARTPYSGS— LKNKLGDRLSG-PYPDVSYRYEGE 

FYKTLALAN  AVEHAEGRYVDS-SIQYSPKi  :  TEHLQ - NQS  .GSWDHQYR-YNENWHS.  YGPSRHGLHPYCTETHNQFWEPFDYQR  .GGLLPRDRSASES'rv'F  ,  GG-ML8KMPSTNLPCLKTEVADWLEV-PCSDRML-LEGG 

FYKPPAHVG"  TGE TMEDKY AD Y LQQQY SVKI -“YE AFHRHNE LP E P SWD FQ YR - YNDNDNT . Y G - LNSYIAGPDSALICHPHEYERGGGLVRRERPTPEQWY  PGE-MLGRHPYPN8PCIKNEVG0SLDV-SYTDARF--EGG 

1 - PAHVCtTGETMEDKYADYLQQQYSVKIKYEAIS--NEPAGTSWG9QYNGYNDNDNTjYGP-RQGt8n>YSAGPDSGFICNi  YEYERGGGLVRRERPTSEQWYPGG-MLOHHPYPNSPYLKNEVGOWLDV-SYTDARF— EGG 

AYNPVEEAG  VGDA--GRIGPWGFRQNGTASKSNLREVHLQGRYGSPGLITA-FGDKYNS3FWGSR;0«LQSSGANSAFICNPYD - GTVMRREQWYPGG-ML-RTPYPNSNYMKGEVGEWLDV-TYNDTRF~ ess 

lykppdeag:  fgevmesrfvtsgyqpeqysv?;ikcedtesagalhggny--t-fndrynsjcwgpr:o«ahstgansa-lchpye - RSVARPEHWYPGG-ML-RSPYPNSSYVKSEVGEWLDV-PYSDPRF— dss 
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AR  Mutations  in  TRAMP  mice:  A234T  (A229T  in  mouse  AR),  E236G  (E231G  in  mouse  AR) 


Fig.  1.  Alignment  of  the  AR  NH2-terminal  amino  acid  sequence  from  different  species.  A,  AR  sequences  were  obtained  from  the 
GenBank™/EBI  Data  Bank  with  the  following  accession  numbers:  human  AR,  M20132  and  J03180;  Norway  rat  AR,  J05454;  Xenopus  laevis 
African  clawed  frog  AR,  U67129;  goldfish  AR,  AY090897;  fathead  minnow,  AY004868;  Japanese  eel  AR-u,  AB023960;  Japanese  eel  AR-/3, 
AB025361;  rainbow  trout  AR-a,  AB012095;  rainbow  trout  AR-/3,  AB012096;  Nile  tilapia  AR-/3,  AB045212;  red  sea  bream  AR,  AB017158; 
Haplochromis  burtoni  cichlid  fish  AR,  AF 12 1257  and  AY082342;  and  Nile  tilapia  AR-u,  AB045211.  Amino  acid  residues  conserved  by  amino  acid, 
charge,  or  structure  are  shown  in  red ,  and  partially  conserved  residues  are  shown  in  blue.  The  AR  FXXLF  motif  is  at  residues  23—27,  and  the 
NH2-terminal  conserved  motif  is  at  residues  234—247.  Amino  acid  positions  are  based  on  the  human  AR  sequence  (22).  The  region  shown  is  human 
AR  NH2-terminal  residues  1-543.  B,  shown  is  an  amino  acid  sequence  alignment  of  the  AR  NH2-terminal  conserved  motif  and  flanking  sequence, 
the  AR  consensus  sequence,  and  the  corresponding  homologous  sequence  in  GR.  Sequences  shown  were  extracted  from  the  sites  listed  above  and 
include  human  GR  (X03225  and  M10901)  andX  laevis  African  clawed  frog  GR  (X72211).  Conserved  residues  are  shown  in  orange-red,  and  partially 
conserved  residues  are  shown  in  maroon.  The  human  AR  phosphorylation  site  Ser256  (10)  and  AR  mutations  from  TRAMP  prostate  cancer  tumors 
(A234T  and  E236G)  are  indicated.  Shown  are  amino  acid  sequences  corresponding  to  human  AR  residues  226-257  with  numbering  as  previously 
reported  (22)  and  human  GR  residues  67-98  (72). 


poorly  conserved  regions  are  the  previously  reported  AR  trans¬ 
activation  subdomains  AFla  (rat  AR  residues  154-167  and 
human  AR  residues  173-186)  and  AFlb  (rat  AR  residues  295- 


359  and  human  AR  residues  297-361),  which  are  critical  for 
transcriptional  activity  (7).  Lack  of  sequence  conservation  in 
these  regions  is  surprising  and  suggests  that  the  NH2-terminal 


30646 


AR  NH ^-terminal  Conserved  Motif  Interacts  with  CHIP 


domain  evolved  with  its  interacting  partners.  In  contrast,  sev¬ 
eral  short  regions  of  the  AR  NH2-terminal  region  show  a  high 
degree  of  sequence  conservation.  The  previously  described 
FXXLF  motif  at  human  AR  NH2-terminal  residues  23-27  (18, 
21)  is  conserved  as  (F/Y)Q(N/S)(L/V)F  from  lower  vertebrates 
through  primates,  although  some  species  of  fish  seem  to  lack 
the  NH2-terminal  5 '-coding  region  of  the  AR  gene  that  includes 
the  FXXLF  motif  (Fig.  1A).  Absence  of  the  extreme  NH2-termi- 
nal  region  could  reflect  incomplete  sequence  analysis  or  that 
certain  species  of  fish  have  yet  to  evolve  the  AR  FXXLF  motif. 
An  evolving  FXXLF  motif  during  vertebrate  expansion  is  con¬ 
ceivable  since  the  WXXLF  motif  at  human  AR  residues  433- 
437,  which  contributes  to  the  FXXLF  motif-mediated  AR  NH2- 
and  COOH-terminal  interaction  (18),  is  conserved  from  pri¬ 
mates  to  Xenopus,  but  not  in  fish  and  other  lower  vertebrates 
(Fig.  1A). 

Another  AR  NH2-terminal  region  that  shows  striking  se¬ 
quence  conservation  across  species  is  positioned  at  human  AR 
residues  234-247  (Fig.  1A)  with  the  consensus  sequence 
234A(K/R/Y)EL(C/S)KAVSVS(M/L)GL247  (Fig.  IB),  numbered 
according  to  the  human  AR  sequence  of  Lubahn  et  at.  (22)  and 
the  AR  mutation  data  base.2  Sequence  conservation  of  hydro- 
phobic  residues  in  the  region  was  noted  previously  (14).  Also 
notable  is  Ser256-Pro257  since  Ser256  was  shown  previously  to  be 
phosphorylated  in  human  AR  (10).  Ser256  and  Pro257  are  not 
conserved;  but  remarkably,  the  negatively  charge  residues  Asp 
and  Glu  most  often  replace  Ser256  in  lower  species  (Fig.  1,  A 
and  B),  suggesting  that  a  negative  charge  at  this  position  is 
important  for  AR  function. 

Sequence  conservation  of  AR  NH2-terminal  residues  234- 
247  suggests  a  conserved  motif  for  the  AR  gene  family.  A  search 
of  the  protein  sequence  data  base  supports  this,  with  one  ex¬ 
ception.  GR  from  human  and  Xenopus,  but  not  GR  from  fish, 
contains  sequence  77DLSKAVSLSMGL88  at  human  GR  resi¬ 
dues  77-88,  which  is  homologous  to  12  of  the  14  residues  in  the 
AR  NH2-terminal  conserved  motif  (Fig.  IB).  The  closer  evolu¬ 
tionary  distance  between  AR  and  the  progesterone  receptor 
compared  with  AR  and  GR  (4)  and  the  absence  of  the  conserved 
motif  in  the  progesterone  receptor  suggest  that  AR  and  GR 
acquired  the  sequence  independently  for  a  common  function  by 
convergent  evolution. 

Analysis  of  the  predicted  order  and  disorder  composition  of 
the  AR  NH2-terminal  domain  using  the  PONDR  Protein  Dis¬ 
order  Predictor3  indicates  that  the  FXXLF  motif  and  the  AR 
NH2-terminal  conserved  motif  form  short  structurally  ordered 
regions  as  indicated  by  PONDR  scores  of  <0.1.  Each  motif  is 
predicted  to  form  an  amphipathic  a-helix,  indicating  the  pres¬ 
ence  of  short  structured  segments  in  an  NH2-terminal  region 
that  is  otherwise  predicted  to  be  largely  unstructured. 

Intrinsic  Activity  of  the  AR  NH2-terminal  Conserved  Motif- — 
We  tested  for  the  presence  of  transcriptional  activity  inherent 
to  the  AR  NH2-terminal  conserved  motif  by  expressing  Gal4 
DNA-binding  domain-AR  fusion  proteins  in  mammalian  cells 
(Fig.  2A).  The  NH2-terminal  conserved  motif  residues  234-247 
lacked  activity,  but  a  low  level  of  activity  was  detectable  when 
the  sequence  was  extended  in  Gal-AR-(229-254).  A  larger  frag¬ 
ment,  Gal-AR-(220-270),  elicited  20%  the  activity  of  the  AR 
NH2-terminal  domain  in  Gal -AR-(  1-503).  When  mutations  at 
four  residues  (L237A/K239M/V241A/V243A)  were  introduced 
into  the  NH2-terminal  conserved  motif  in  Gal-AR-(220-270) 
(Gal-AR-(220-270m4))  (Fig.  2A),  the  transcriptional  response 
was  reduced  to  background  levels.  Expression  levels  of  the 
Gal-AR  fusion  proteins  were  similar  as  determined  by  immu- 
noblotting  (Fig.  2C,  left  panel). 


2  Available  at  ww2.mcgill.ca/androgendb/data.htm. 

3  Available  at  www.pondr.com/PONDR/pondr.cgi. 


The  results  suggest  that  although  the  NH2-terminal  con¬ 
served  motif  itself  lacks  intrinsic  transcriptional  activity,  a 
larger  region  that  includes  flanking  sequence  of  the  conserved 
motif  induces  a  transcriptional  response  that  depends  on  resi¬ 
dues  within  the  AR  NH2-terminal  conserved  motif.  The  flank¬ 
ing  region  may  therefore  be  necessary  for  proper  folding  or 
presentation  of  the  NH2-terminal  conserved  motif. 

Contribution  of  the  core  conserved  motif  to  AR  transcriptional 
activity  was  investigated  further  by  testing  several  mutants  of 
full-length  AR.  Deletion  of  region  220-270  (ARA220-270)  caused 
a  —50%  decrease  in  AR  transcriptional  activity  using  the  MMTV- 
Luc  and  PSA-Enh-Luc  reporter  vectors  (Fig.  2B),  confirming  the 
importance  of  the  region  for  AR  activity.  The  decrease  in  tran¬ 
scriptional  activity  by  ARA220-270  and  additional  mutants  was 
independent  of  AR  expression  levels  (Fig.  2 C,  right  panel).  De¬ 
leting  only  the  NH2-terminal  conserved  motif  (ARA234-247) 
caused  less  of  a  decrease  in  activity,  and  the  decrease  was  similar 
to  that  seen  with  ARm4.  Mutating  the  flanking  Ser256  (Fig.  IB)  to 
alanine  to  inhibit  phosphorylation  at  this  previously  reported  AR 
phosphorylation  site  (10)  or  to  aspartic  acid  to  mimic  the  negative 
charge  of  a  phosphate  group  had  no  effect  on  the  AR  transcrip¬ 
tional  response.  The  results  suggest  that  the  AR  NH2-terminal 
conserved  motif  and  closely  flanking  sequence  contribute  to  AR 
transactivation. 

AR  NH2-terminal  Conserved  Motif  Interaction  with  CHIP — 
The  high  sequence  conservation  of  the  AR  NH2-terminal  motif 
in  AR  gene  evolution,  its  predicted  structure,  and  evidence  for 
a  role  in  AR  transcriptional  activation  led  us  to  perform  a  yeast 
two-hybrid  screen  using  a  51-amino  acid  residue  fusion  peptide 
as  bait  to  probe  a  human  testis  cDNA  library.  Yeast  strain 
HF7c  was  initially  transformed  with  pGBT8-AR-(220-270), 
coding  for  the  Gal4  DNA-binding  domain  and  human  AR  resi¬ 
dues  220-270.  In  agreement  with  the  transcriptional  response 
seen  with  Gal-AR-(220-270)  in  mammalian  cells,  the  addition 
of  0.8  mM  3-amino-l, 2, 4-triazole  was  required  to  reduce  intrin¬ 
sic  activity  of  pGBT8-AR-(220-270).  Screening  106  clones  of  an 
amplified  library  revealed  138  positive  clones  that  grew  on 
synthetic  medium  lacking  Leu,  Trp,  and  His.  Of  these,  48 
clones  were  positive  in  a  (S-galactosidase  filter  assay  performed 
in  yeast.  Sequence  analysis  revealed  five  identical  clones  cod¬ 
ing  for  CHIP.  The  clones  coded  for  CHIP  residues  20-303, 
representing  full-length  CHIP  lacking  the  first  19  NH2-termi- 
nal  amino  acids.  That  the  interaction  was  specific  was  sug¬ 
gested  by  a  parallel  screen  of  the  same  library  using  a  similarly 
sized  AR  fragment  from  a  different  region  of  the  AR  NH2- 
terminal  domain.  In  this  case,  none  of  the  positive  clones  that 
grew  on  synthetic  medium  lacking  Leu,  Trp,  and  His  coded  for 
CHIP.4 

CHIP  is  a  U-box-containing  ubiquitin-protein  isopeptide  li- 
gase  (E3)  (23-26)  that  interacts  with  heat  shock  proteins 
Hsp70  and  Hsp90  through  its  NH2-terminal  TPR  domain  (Fig. 
3A)  and  has  been  reported  to  cause  ubiquitylation  of  AR  (13). 
To  further  investigate  the  role  of  the  AR  NH2-terminal  con¬ 
served  motif  in  the  AR  and  CHIP  interaction,  we  tested  several 
AR  mutants  in  a  mammalian  two-hybrid  assay  using  a  Gal- 
CHIP-(20-303)  fusion  protein.  Deletion  of  AR  residues  220- 
270  (ARA220-270)  strongly  reduced  the  interaction  with  CHIP 
(Fig.  3B),  supporting  the  role  of  the  NH2-terminal  conserved 
motif  region  in  the  AR  interaction  with  CHIP.  A  small  portion 
of  this  reduction  was  attributed  to  the  slight  decrease  in  back¬ 
ground  AR  activity  that  resulted  from  the  deletion  of  residues 
220-270,  in  agreement  with  the  results  of  Fig.  2  (A  and  B) 
showing  that  residues  220-270  harbor  a  transcriptional  acti¬ 
vation  function.  The  background  AR  activity  evident  upon  co- 


4  S.  Bai,  B.  He,  and  E.  M.  Wilson,  unpublished  data. 
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Fig.  2.  Transcriptional  activity  of  the  AR  NH2-terminal  conserved  motif.  A,  the  transcriptional  activity  of  the  AR  NH2-terminal 
conserved  motif  and  flanking  sequence  was  determined  by  expressing  Gal4  DNA-binding  domain  fusion  proteins  with  no  insert  ( GAL4-DBD )  or 
with  AR  fragments  in  Gal-AR-(  1-503),  Gal-AR-(234— 247),  Gal-AR-(229— 254),  Gal-AR-(220-270),  and  Gal-AR-(220-270m4).  Activity  was  deter¬ 
mined  in  HepG2  cells  using  50  ng  of  pGal  vector  and  0.1  /xg  of  5xGal4-Luc3  reporter  vector.  Cells  were  transfected  using  Effectene  as  described 
under  “Materials  and  Methods.”  The  transcriptional  response  is  indicated  in  optical  light  units  and  error  and  are  representative  of  three 
independent  experiments.  B,  shown  is  the  effect  of  the  NH2-terminal  conserved  motif  region  on  AR  transactivation.  HepG2  cells  were  transiently 
transfected  as  described  under  “Materials  and  Methods”  with  0.25  /xg  of  MMTV-Luc  or  0.25  /xg  of  PSA-Enh-Luc  together  with  50  ng  of  pCMV-hAR 
with  wild-type  sequence  (WT),  with  deletion  of  the  conserved  region  (ARA220-270  and  ARA234-247),  with  the  four-residue  mutation  in  the 
NH2-terminal  conserved  motif  (ARm4  ( m4 )),  and  with  mutations  S256A  (SA)  and  S256D  ( SD )  at  an  AR  phosphorylation  site.  C,  shown  are 
immunoblots  of  AR  mutants.  Wild-type  and  mutant  Gal-AR  (10  /xg/10-cm  dish)  and  pCMV5-AR  plasmids  (2  /xg/ dish)  were  transiently  expressed 
in  COS  cells  (1.8  X  106/10  dish)  using  DEAE-dextran  in  the  absence  of  added  androgen.  For  the  Gal-AR  vectors,  cells  were  incubated  in 
serum-containing  medium  with  1  /xM  MG132  proteasome  inhibitor  for  1  h  at  37  °C  prior  to  harvest.  Protein  extracts  (10  /xg/ lane)  were  analyzed 
using  anti-Gal4  DNA-binding  domain  antibody  (left  panel)  for  the  Gal-AR  fusion  proteins  tested  for  transcriptional  activity  in  A  or  antibody  AR32 
(right  panel)  for  the  AR  mutants  tested  for  transcriptional  activity  in  B. 
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Fig.  3.  Interaction  of  CHIP  with  the  AR  NH2-terminal  conserved  motif.  A,  schematic  diagram  of  full-length  CHIP  (303  amino  acids) 
containing  the  NH2-terminal  TPR  domain  at  residues  27—147,  which  interacts  with  Hsp70  and  Hsp90,  and  the  COOH-terminal  U-box  domain  at 
residues  231—288,  which  imparts  E3  (ubiquitin-protein  isopeptide  ligase  (Ub  ligase ))  activity  (23,  24).  Lys30  is  required  for  the  interaction  between  the 
TPR  domain  and  Hsp70*Hsp90  (C.  Patterson,  unpublished  data).  The  results  from  GST  affinity  binding  studies  shown  in  C  indicate  that  the  TPR  and 
U-box  domains  of  CHIP  are  required  for  interaction  with  AR  (shown  by  the  bracket).  B,  interaction  of  CHIP  with  full-length  AR  in  a  mammalian 
two-hybrid  assay.  The  assay  was  performed  in  HeLa  cells  using  full-length  wild-type  AR,  ARA220— 270,  ARA234-247,  and  ARm4  and  cotransfected 
with  the  parent  pGalO  empty  plasmid  (GAL  0)  or  Gal-CHIP-(20— 303)  (GAL  CHIP).  HeLa  cells  were  transfected  using  10  ng  of  AR,  50  ng  of  Gal 
expression  plasmid,  and  0.1  pg  of  5xGal4-Luc3  in  12-well  plates  using  Effectene  as  described.  Optical  light  units  reflect  luciferase  activity  and  error 
and  are  representative  of  three  independent  experiments.  C,  in  vitro  interaction  between  CHIP  and  the  AR  NH2-terminal  conserved  motif.  35S-Labeled 
full-length  wild-type  CHIP  (WT;  lanes  1, 5,  and  9),  CHIPATPR  (lacking  the  TPR  domain;  lanes  2,  6,  and  10),  CHIPAU  (lacking  the  U-box  domain;  lanes 
3,  7,  and  11),  and  CHIP-K30A  (lanes  4,  8,  and  12)  were  incubated  with  GST  (GSTO;  lacking  AR  sequence;  lanes  1-4),  GST-AR-(220-270)  (containing 
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expression  of  the  pGalO  empty  vector  results  from  a  cryptic 
androgen  response  element  in  the  5xGal4-Luc3  reporter  (19). 
Deleting  the  NH2-terminal  conserved  motif  in  ARA234-247  or 
introducing  the  multiple  mutations  L237A/K239M/V241A/ 
V243A  into  AR  (ARm4)  did  not  decrease  background  AR  tran¬ 
scriptional  activity  and  reduced  (but  did  not  eliminate)  the  AR 
and  CHIP  interaction. 

The  results  support  a  role  for  the  NH2-terminal  conserved 
motif  in  the  AR  and  CHIP  interaction,  but  also  suggest  that 
additional  direct  or  indirect  interactions  occur  between  AR  and 
CHIP.  One  possible  interaction  site  is  the  AR  ligand-binding 
domain,  which  was  shown  to  bind  the  Hsp70-Hsp90  heterocom¬ 
plex  (27,  28),  and  Hsp70-Hsp90  interacts  with  CHIP  (23).  A 
recent  study  demonstrating  that  CHIP  functions  as  a  dimer 
provides  a  basis  for  this  type  of  interaction  (29). 

GST  in  Vitro  Adsorption  Assay — To  confirm  a  direct  interac¬ 
tion  between  the  AR  NH2-terminal  conserved  motif  and  CHIP, 
GST  affinity  matrix  binding  assays  were  performed.  Wild-type 
GST-AR-(220-270)  and  GST-AR-(220-270m4)  were  expressed 
in  E.  coli,  purified,  and  incubated  with  35S-labeled  in  vitro 
translated  full-length  CHIP  and  several  CHIP  mutants.  A 
strong  interaction  was  evident  between  GST-AR-(220-270) 
and  35S-labeled  CHIP  that  was  not  detected  using  the  pGSTO 
empty  vector  control  (Fig.  3C,  lanes  1  and  5).  The  AR  interac¬ 
tion  with  CHIP  was  eliminated  by  deleting  the  CHIP  TPR 
domain  ( lane  6),  by  deleting  the  CHIP  U-box  domain  (lane  7),  or 
by  introducing  a  K30A  mutation  into  the  CHIP  TPR  domain 
(lane  8).  Lys30  is  highly  conserved  in  the  TPR  domain  (30)  and 
was  shown  to  be  required  for  the  interaction  between  the  CHIP 
TPR  domain  and  Hsp70  or  Hsp90.5 

Two  AR  mutations  identified  in  the  transgenic  adenocarci¬ 
noma  of  mouse  prostate  (TRAMP)  model  for  prostate  cancer, 
E236G  and  A234T  (17),  also  reduced  the  AR  and  CHIP  inter¬ 
action  by  43  and  16%,  respectively  (Fig.  3D).  In  contrast,  no 
decrease  in  the  AR  and  CHIP  interaction  was  seen  using  GST- 
AR-(220-270m4),  in  which  four  mutations  (L237A/K239M/ 
V24 1 A/V243A)  were  introduced  into  the  NH2-terminal  con¬ 
served  motif  (Fig.  3C). 

The  data  indicate  a  direct  interaction  between  AR  and  CHIP 
mediated  by  the  short  AR  NH2-terminal  fragment  that  con¬ 
tains  the  conserved  motif.  A  reduced  AR  and  CHIP  interaction 
by  AR  mutations  derived  from  the  TRAMP  model  suggests  that 
the  AR  NH2-terminal  conserved  motif  functions  to  limit  AR 
activity  and  that  mutations  in  this  region  confer  increased  AR 
activity,  which  contributes  to  prostate  cancer  growth.  However, 
unlike  the  transcriptional  activity  detected  in  this  region  that 
depended  on  four  conserved  residues  of  the  NH2-terminal  con¬ 
served  motif,  the  AR  and  CHIP  interaction  was  not  diminished 
by  the  L237A/K239M/V241A/V243A  mutations. 

CHIP-induced  Inhibition  ofAR  Transcriptional  Activity  and 
AR  Steady-state  Levels — Coexpression  of  full-length  CHIP  de¬ 
creased  both  AR  and  GR  transcriptional  activity  (Fig.  4A).  This 
is  in  contrast  to  the  activity  observed  without  any  further  DNA 
addition,  with  coexpression  of  the  pCMV5  empty  vector  control, 


5  C.  Patterson,  unpublished  data. 
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Fig.  4.  Effect  of  CHIP  on  transcriptional  activity  and  AR 
steady-state  levels.  A,  HepG2  cells  (0.2  X  105/well  of  a  12-well  plate) 
were  transiently  transfected  as  described  under  “Materials  and  Meth¬ 
ods”  with  0.25  pg  of  MMTV-Luc/well  using  Effectene  in  the  presence  of 
(per  well)  50  ng  of  pCMV-hAR  (AR),  50  ng  of  pCMV-hGR  (GR),  10  ng  of 
pCMV-AR-(l— 660),  or  10  ng  pCMV-AR-(l-660)A234-247,  together 
with  no  further  addition  (— ),  the  pCMV5  empty  vector  (p5),  pCMV5- 
CHIP  (C),  or  pCMV5-CHIPATPR  (A TP).  Cells  were  incubated  for  24  h 
in  the  absence  of  hormone,  with  0.1  nM  R1881  for  AR,  or  with  10  nM 
dexamethasone  for  GR.  B,  shown  is  an  immunoblot  of  AR  coexpressed 
with  CHIP  and  the  CHIP  mutant  lacking  the  TPR  domain.  COS  cells 
were  transiently  transfected  using  Effectene  as  described  under  “Ma¬ 
terials  and  Methods”  with  1  pg  of  pCMV-hAR  in  the  presence  of  1  pg  of 
pCMV5  empty  vector  (lanes  1  and  2),  1  pg  of  pCMV5-CHIP  (lanes  2  and 
3),  and  pCMV5-CHIPATPR  (lanes  5  and  6).  Cells  were  incubated  24  h 
after  transfection  in  the  absence  and  presence  of  50  nM  DHT  as  indi¬ 
cated,  harvested,  and  analyzed  by  immunoblotting  using  antibody 
AR32  as  described  under  “Materials  and  Methods.”  Immunoblots  of 
parallel  experiments  using  mouse  anti-/3-actin  monoclonal  antibody 
(1:2500  dilution;  Abeam,  Inc.)  confirmed  similar  protein  loading  be¬ 
tween  the  lanes  (data  not  shown).  The  data  are  representative  of  three 
independent  experiments. 


or  with  coexpression  of  the  CHIP  mutant  lacking  the  TPR 
domain  (CHIPATPR)  (Fig.  4A,  A  TP).  Surprisingly,  deletion  of 
the  conserved  sequence  in  ARA234-247  or  ARA220-270  did 
not  eliminate  the  inhibitory  effect  of  CHIP  on  AR  transactiva¬ 
tion  (data  not  shown).  Furthermore,  the  constitutive  transcrip¬ 
tional  activities  of  AR  truncation  mutant  AR-(  1-660),  which 


the  AR  NH2-terminal  conserved  motif;  lanes  5-9),  and  GST-AR-(220— 270m4)  (with  the  L2.37A/K2.39MA7241AA724.3A  mutations;  lanes  9-12).  30% 
Input  (lanes  13-16)  represents  30%  of  total  35S-labeled  CHIP  or  CHIP  mutant  used  in  the  reactions  and  had  the  following  band  intensities, 
indicating  similar  protein  loading:  166  integrated  optical  units  (lane  13),  180  (lane  14),  162  (lane  15),  and  173  (lane  16).  Radiolabeled  bands  detected 
by  exposure  to  x-ray  film  indicate  3BS-labeled  CHIP  interaction  with  GST-AR-(220-270)  and  GST-AR-(220-270m4).  D,  reduction  in  the  in  vitro 
interaction  between  CHIP  and  the  AR  NH2-terminal  conserved  motif  by  AR  mutations  from  the  TRAMP  model  for  prostate  cancer.  35S-Labeled 
full-length  wild-type  CHIP  and  CHIPATPR  were  incubated  with  GST  ( GST0 ),  GST-AR-(220— 270),  GST-AR-(220-270)-E236G,  or  GST-AR-(220— 
270)-A234T  as  indicated.  30%  Input  (lanes  9  and  10)  represent  30%  of  total  35S-labeled  CHIP  used  in  the  reactions  and  had  band  intensities  of  106 
(lane  9)  and  112  (lane  10).  Radiolabeled  band  intensities  detected  by  exposure  to  x-ray  film  for  the  35S-labeled  CHIP  interaction  were  58  for 
wild-type  GST-AR-(220-270)  (lane  3),  33  for  GST-AR-(220-270)-E236G  (lane  5),  and  49  for  GST-AR-(220-270)-A234T  (lane  7).  The  data  are 
representative  of  three  independent  experiments. 
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Fig.  5.  Immunocytochemistry  of 

CHIP  and  AR.  COS  cells  were  tran¬ 
siently  transfected  with  pCMV-FLAG- 
CHIP  and  pCMV-hAR.  Immunostaining 
was  detected  after  incubation  in  the  ab¬ 
sence  (A)  and  presence  (B)  of  100  nM  DHT 
as  described  under  “Materials  and  Meth¬ 
ods.”  Shown  is  green  fluorescence  for  AR 
( left  panels ),  red  fluorescence  for  FLAG- 
CHIP  ( middle  panels ),  and  the  merged 
images  ( right  panels). 


lacks  the  ligand-binding  domain,  and  AR-(l-660)A234-247, 
which  lacks,  in  addition,  the  NH2-terminal  conserved  motif, 
were  both  strongly  inhibited  by  CHIP  (Fig.  4A).  That  this 
inhibitory  effect  of  CHIP  was  mediated  by  sequences  outside  of 
the  NH2-terminal  conserved  motif  was  also  supported  by  our 
observations  that  CHIP  inhibited,  to  a  similar  extent,  transac¬ 
tivation  by  the  progesterone  receptor,  a  receptor  that  lacks  the 
conserved  motif  (data  not  shown).  When  the  activity  of  a 
pCMV-Luc  constitutive  reporter  was  tested  in  the  presence  of 
CHIP  expression,  there  was  no  significant  decrease  in  tran¬ 
scriptional  activity  above  that  observed  with  the  empty  vector 
control  or  with  pCMV5-CHIPATPR  (data  now  shown),  suggest¬ 
ing  that  the  inhibitory  effect  of  CHIP  is  not  due  to  inhibition  of 
general  transcription  mechanisms. 

The  results  indicate  that  CHIP  strongly  represses  AR  and 
GR  transcriptional  activity  independent  of  the  NH2-terminal 
conserved  motif  and  independent  of  the  ligand-binding  domain. 
This  is  despite  the  interaction  mediated  by  the  AR  NH2-termi- 
nal  conserved  motif  and  CHIP.  The  requirement  for  the  TPR 
domain  of  CHIP  for  transcriptional  repression  of  AR,  AR-(1- 
660),  and  GR  suggests  that  the  heat  shock  protein  heterocom¬ 
plex  is  involved  since  the  CHIP  TPR  domain  binds  heat  shock 
proteins  Hsp70  and  Hsp90  (31).  CHIP  may  modulate  AR  and 
GR  transcriptional  activity  through  mechanisms  independent 
of  the  NH2-terminal  conserved  motif. 

The  influence  of  CHIP  on  AR  steady-state  levels  was  also 
tested.  The  low  level  of  AR  detected  in  the  absence  of  androgen 
was  further  reduced  by  coexpression  of  CHIP  (Fig.  4B,  lanes  1 
and  3).  CHIP  also  decreased  the  stabilizing  influence  of  androgen 
on  AR  levels  (lanes  2  and  4).  In  contrast,  deletion  of  the  CHIP 
TPR  region  eliminated  the  reduction  in  AR  levels  induced  by 
coexpression  of  CHIP.  The  results  indicate  that  the  TPR  region  of 
CHIP  is  required  for  the  inhibitory  effects  of  CHIP  on  AR  steady- 
state  levels  and  AR  transcriptional  activity. 

Colocalization  of  CHIP  and  AR — The  subcellular  localization 
of  CHIP  and  AR  was  determined  in  the  absence  and  presence  of 
DHT  by  immunocytochemistry.  In  the  absence  of  DHT,  tran¬ 
siently  expressed  AR  (green )  and  FLAG-tagged  CHIP  (red) 
localized  in  the  cytoplasm,  with  no  evidence  of  nuclear  staining 
(Fig.  5A).  This  is  in  agreement  with  a  previous  report  that 
CHIP  is  a  cytoplasmic  protein  (23).  The  partial  colocalization  of 
CHIP  and  AR  in  the  cytoplasm  supports  their  interaction  in  the 
absence  of  hormone.  In  the  presence  of  DHT,  AR  was  nuclear, 
whereas  CHIP  remained  primarily  in  the  cytoplasm  (Fig.  5 B). 


The  data  suggest  that  CHIP  regulates  AR  degradation  prior  to 
androgen  binding  and  that  androgen-induced  nuclear  targeting 
sequesters  AR  from  the  inhibitory  effects  of  CHIP. 

DISCUSSION 

The  NH2-terminal  regions  of  steroid  receptors  lack  strict  struc¬ 
tural  requirements  like  those  of  the  DNA-  and  ligand-binding 
domains.  To  address  structure-function  relationships  of  the  AR 
NH2-terminal  domain,  we  searched  for  evolutionarily  conserved 
sequences  that  predict  a  critical  role  in  AR  function.  Our  ap¬ 
proach  was  based  in  part  on  studies  of  the  AR  NH2-terminal 
FXXLF  motif,  which  is  one  of  few  highly  conserved  regions  in  the 
AR  NH2-terminal  domain  (32).  The  FXXLF  motif  has  a  dominant 
role  in  the  androgen-dependent  interdomain  NH2-  and  COOH- 
terminal  interaction  required  for  AR  function,  whereas  the  less 
well  conserved  AR  NH2-terminal  WXXLF  motif  contributes  only 
weakly  to  the  AR  NH2-  and  COOH-terminal  interaction  (18,  32). 
Considering  its  essential  role  in  transcriptional  activation,  it  is 
surprising  that  more  of  the  AR  NH2-terminal  domain  is  not 
conserved  (6).  In  particular,  the  two  major  activation  regions  of 
AF1  lack  significant  sequence  conservation  across  species.  This 
suggests  that  the  NH2-terminal  activation  domain  has  evolved  in 
parallel  with  its  interacting  partners,  with  one  interacting  part¬ 
ner  being  the  AR  COOH-terminal  ligand-binding  domain.  In 
contrast  to  the  NH2-terminal  region,  the  COOH-terminal  region 
including  AF2  is  structurally  conserved.  AF2  interacts  with  the 
LXXLL  motifs  of  pl60  coactivators  (33-36)  and,  for  AR,  interacts 
in  addition  with  the  FXXLF  motif  that  is  present  in  the  AR 
NH2-terminal  region  (16,  18)  and  in  some  AR  coregulators  (19, 
37,  38). 

In  this  study,  we  have  identified  an  extraordinarily  con¬ 
served  14-amino  acid  NH2-terminal  sequence  at  human  AR 
amino  acid  residues  234-247  that  is  common  to  all  published 
sequences  of  AR,  including  the  lower  vertebrate  fish  species. 
The  conserved  motif  lacks  intrinsic  transcriptional  activity  per 
se,  but  contributes  to  the  transcriptional  response  of  a  larger 
region  between  residues  220  and  270.  The  AR  NH2-terminal 
conserved  motif  lies  within  a  previously  described  a-helical 
region  (2)  and  is  NH2-terminal  to  a  recently  reported  hydro- 
phobic  motif  identified  among  cellular  and  viral  transcription 
factors  that  act  as  binding  sites  for  transcription  factor  TFIIF 
(14),  a  general  transcription  factor  reported  to  interact  with  AR 
(39,  40).  To  study  the  function  of  the  AR  NH2-terminal  con¬ 
served  motif,  we  performed  a  yeast  two-hybrid  screen  and 
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identified  CHIP  as  the  interacting  partner  for  the  conserved 
AR  NH2-terminal  conserved  motif.  CHIP  is  highly  conserved 
across  species  and  interacts  with  the  NH2-terminal  motif  that 
is  conserved  throughout  the  entire  AR  gene  family.  Coexpres¬ 
sion  studies  have  shown  that  CHIP  limits  AR  function  by 
promoting  AR  degradation  most  likely  through  the  previously 
described  role  of  CHIP  in  ubiquitylation  (13). 

CHIP,  named  for  its  interaction  with  Hsp70,  was  originally 
identified  from  a  screen  for  TPR  domains.  The  TPR,  first  de¬ 
scribed  in  yeast  proteins  (41,  42),  is  a  tandem  34-amino  acid 
repeat  composed  of  antiparallel  a-helices  (30).  The  TPR  do¬ 
mains  of  CHIP  mediate  its  interaction  with  Hsp90  and  Hsp70 
to  redirect  incompletely  folded  proteins  for  degradation  (31). 
TPR  protein  interaction  surfaces  on  the  chaperone  cofactors 
Hip  (Hsp70-interacting  protein)  (43)  and  Hop  (Hsp90/Hsp70- 
organizing  protein)  (44)  interact  with  the  COOH-terminal 
EEVD  motif  of  Hsp70  and  Hsp90  during  the  chaperone  hetero¬ 
complex  formation  that  mediates  protein  folding  (30,  45,  46). 
CHIP  inhibits  Hsp70  ATPase  and  protein  refolding  activities, 
although  paradoxically,  its  overexpression  increases  chaperone 
activity  (47).  CHIP  contains  a  U-box  domain  at  its  COOH 
terminus  (25).  Structurally  similar  to  a  RING  finger  domain, 
U-box-containing  proteins  are  a  third  group  of  ubiquitin  ligases 
with  E3  activity  that  direct  ubiquitylation  of  chaperone  protein 
complex  substrates,  leading  to  increased  degradation  by  the 
proteasome  (24,  26,  48).  CHIP  was  shown  to  promote  ubiqui¬ 
tylation  and  degradation  through  the  proteasome  of  GR  (31), 
AR  (13),  and  other  proteins  (26,  49),  including  ErbB2/Neu  (50, 
51).  However,  it  was  previously  suggested  that  the  predomi¬ 
nant  effect  of  CHIP  on  AR  is  inhibition  of  protein  folding  and 
reduced  degradation  (13).  CHIP  may  act  as  a  molecular  link 
between  the  protein  folding  chaperone  functions  and  protea- 
some-mediated  protein  degradation  processes  of  the 
Hsp70-Hsp90  heterocomplex  (52).  CHIP  also  directly  modu¬ 
lates  the  stress  response  by  activating  heat  shock  factor-1  (53) 
and  influences  protein  trafficking  (54). 

A  direct  interaction  between  CHIP  and  the  AR  NH2-terminal 
conserved  motif  was  confirmed  in  mammalian  two-hybrid  and 
GST  affinity  matrix  binding  assays,  supporting  the  initial  iden¬ 
tification  of  CHIP  in  a  yeast  two-hybrid  screen  as  a  bona  fide 
AR-interacting  protein.  A  BLAST  search  of  the  protein  data 
base  showed  that  besides  AR,  GR  from  Xenopus  and  higher 
species  is  the  only  other  protein  that  contains  a  homologous 
sequence.  However,  in  the  yeast  two-hybrid  interaction  assay, 
CHIP  did  not  interact  with  a  GR  fragment  containing  the 
partial  sequence  (data  not  shown),  even  though  CHIP  de¬ 
creased  GR  transcriptional  activity  to  an  extent  similar  to  the 
decrease  in  AR  activity.  It  is  conceivable  that  CHIP  also  asso¬ 
ciates  with  AR  and  GR  indirectly  via  the  ligand-binding  do¬ 
main  through  an  association  with  Hsp70  and  Hsp90.  The  re¬ 
quirement  of  the  TPR  region  of  CHIP  for  inhibition  of  AR  and 
GR  transcriptional  activity  suggests  a  mechanism  involving 
CHIP  interaction  with  the  heat  shock  protein  complex.  The 
AR-CHIP-Hsp  complex  may  be  further  stabilized  by  the  NH2- 
terminal  conserved  motif.  On  the  other  hand,  CHIP  also  de¬ 
creased  the  transcriptional  activity  of  an  AR  deletion  mutant 
lacking  the  ligand-binding  domain,  and  deletion  of  the  con¬ 
served  sequence  did  not  eliminate  the  inhibitory  effect.  The 
lack  of  a  requirement  for  the  AR  NH2-terminal  conserved  motif 
and  the  ligand-binding  domain  for  the  inhibitory  effect  of  CHIP 
on  AR  trans activation  suggests  that  other  factors  are  involved. 

Our  immunostaining  results  show  that,  in  the  absence  of 
androgen,  AR  and  CHIP  partially  colocalized  in  the  cytoplasm. 
The  addition  of  DHT  translocated  AR  to  the  nucleus,  but  CHIP 
remained  predominantly  cytoplasmic.  The  data  suggest  the 
model  shown  in  Fig.  6,  whereby  CHIP,  in  association  with  the 


Fig.  6.  Model  of  the  functional  relationship  between  AR  and 
CHIP.  The  data  suggest  that  AR  and  CHIP  interact  in  the  cytoplasm 
prior  to  androgen  binding.  This  interaction  contributes  to  AR  degrada¬ 
tion,  resulting  in  reduced  AR-mediated  transcriptional  activity.  The 
requirement  for  the  TPR  and  U-box  domains  of  CHIP  in  its  interaction 
with  AR  suggests  a  role  for  the  heat  shock  protein  complex  that  includes 
Hsp70  and  Hsp90.  Hormone  binding  induces  AR  translocation  to  the 
nucleus  and  results  in  subcellular  segregation  of  CHIP  and  androgen- 
bound  AR.  This  provides  an  additional  mechanism  for  AR  stabilization. 
Binding  of  AR  to  response  element  DNA  present  in  androgen-respon¬ 
sive  genes  is  thought  to  occur  as  an  antiparallel  dimer. 

heat  shock  protein  complex,  targets  AR  for  degradation  in  the 
cytoplasm  prior  to  hormone  binding,  thereby  contributing  to 
the  rapid  turnover  of  AR  in  the  absence  of  ligand  (55).  Ligand- 
induced  targeting  of  AR  to  the  nucleus  would  favor  its  stabili¬ 
zation  not  only  by  sequestering  it  in  the  nuclear  compartment 
away  from  CHIP,  but  also  by  the  androgen-induced  interdo¬ 
main  AR  NH2-  and  COOH-terminal  interaction  that  increases 
AR  stabilization  (56,  57).  The  subcellular  segregation  of  CHIP 
and  androgen-bound  AR  provides  an  additional  mechanism  for 
AR  stabilization  subsequent  to  hormone  binding. 

A  requirement  for  Hsp90  in  androgen  binding  to  AR  was 
reported  previously  (27).  Geldanamycin,  an  inhibitor  of  the 
Hsp90  chaperone  function  (58),  inhibits  androgen  binding,  in¬ 
creases  AR  degradation,  and  inhibits  AR  functional  activity 
(27,  59).  CHIP  was  reported  to  decrease  AR  synthesis,  to  inhibit 
folding  of  AR  by  actions  not  involving  its  E3  activity,  and  to 
reduce  AR  degradation  (13).  The  studies  reported  here  support 
that  CHIP  increases  AR  degradation  in  the  absence  and  pres¬ 
ence  of  androgen.  This  is  consistent  with  a  previous  study 
showing  that  CHIP  promotes  ubiquitylation  of  AR,  but  conflicts 
with  observations  that  CHIP  does  not  increase  AR  degradation 
(13).  A  region  at  human  AR  residues  11-172,  which  is  NH2- 
terminal  to  the  conserved  AR  motif,  was  also  reported  to  inter¬ 
act  with  a  different  ubiquitin  ligase,  a  RING  domain-contain¬ 
ing  protein  called  AR-NIP  (AR  NH2  terminus-interacting 
protein)  (12). 

Several  spontaneous  somatic  AR  mutations  were  reported  in 
the  TRAMP  model  of  prostate  cancer  during  tumor  progres¬ 
sion,  two  of  which  (E236G  and  A234T)  are  within  the  AR 
NH2-terminal  conserved  motif.  TRAMP  tumors  were  derived  in 
transgenic  mice  in  response  to  overexpression  of  the  SV40  large 
and  small  tumor  antigens  under  the  control  of  the  minimal 
—426  to  +28  regulatory  sequence  of  the  prostate-specific  rat 
probasin  promoter  (60).  The  interaction  between  AR  and  CHIP 
was  reduced  as  a  result  of  these  AR  mutations.  This  is  in 
support  of  the  AR  NH2-terminal  conserved  motif  functioning  to 
limit  AR  activity.  Interference  with  the  AR  and  CHIP  interac- 
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tion  would  be  expected  to  increase  AR  activity,  which  could  lead 
to  increased  prostate  cancer  growth.  In  agreement  with  this, 
recent  studies  have  shown  that  the  E236G  mutation,  which  we 
found  inhibited  the  AR  and  CHIP  interaction  to  the  greatest 
extent,  is  associated  with  an  increased  incidence  of  tumor  for¬ 
mation  when  the  AR  mutant  is  overexpressed.6  Furthermore,  it 
was  reported  that  the  E236G  mutant  increases  AR  transacti¬ 
vation  in  the  presence  of  AR  coactivators  (17).  The  results 
support  the  inhibitory  role  of  the  AR  NH2-terminal  conserved 
motif  mediated  by  CHIP.  With  the  recent  report  of  increased 
AR  levels  as  a  common  feature  of  hormone  refractory  recurrent 
prostate  cancer  (61),  down-regulation  of  or  mutations  in  CHIP 
may  contribute  to  increased  AR  steady-state  levels  during  pros¬ 
tate  cancer  progression. 

However,  increased  degradation  of  AR  cannot  necessarily  be 
construed  as  a  decrease  in  AR  functional  activity.  In  many 
instances,  ligand-activated  transcription  factors  are  rapidly 
degraded.  Among  the  steroid  receptors,  AR  (55)  and  the  vita¬ 
min  D  receptor  (62)  are  exceptions.  AR  is  distinguished  by  its 
rapid  degradation  in  the  absence  of  ligand  (55)  and  androgen- 
induced  stabilization  (56).  Part  of  the  mechanism  for  androgen- 
induced  AR  stabilization  involves  the  androgen-dependent 
NH2-  and  COOH-terminal  interaction  (57,  63)  mediated  by  the 
EXXLF  and  WAXLF  motifs  mentioned  above  (18,  21).  It  is 
plausible  that  through  the  interaction  of  CHIP  and  the  AR 
NH2-terminal  conserved  motif,  CHIP  helps  to  maintain  low 
levels  of  AR  in  normal  cells.  We  have  shown  that  CHIP  is 
mainly  in  the  cytoplasm,  and  CHIP  has  been  reported  to  be 
highly  expressed  in  non-proliferating  cells  (23).  In  contrast  to 
the  low  level  of  AR  in  non-proliferating  cells,  AR  levels  in 
prostate  cancer  are  elevated  (61),  and  AR  has  increased  stabil¬ 
ity,  which  results  in  a  greater  sensitivity  to  low  levels  of  circu¬ 
lating  androgen  (64)  or  to  androgens  present  in  prostate  cancer 
tissue  (65).  It  is  possible  that  nuclear  localization  of  AR  that  is 
detected  in  prostate  cancer  cells  in  the  absence  of  androgen  (66) 
contributes  to  increased  AR  levels  by  sequestering  AR  in  the 
nucleus  away  from  the  degrading  influence  of  CHIP  in  the 
cytoplasm.  Alterations  in  CHIP  levels,  mutations  in  CHIP,  or, 
as  shown  here,  mutations  in  AR  could  decrease  AR  degrada¬ 
tion,  resulting  in  increased  AR-dependent  proliferation  of  re¬ 
current  prostate  cancer  cells. 

Sequence  homology  comparisons  in  the  AR  gene  family  show 
that  Ser256  in  human  and  rat  AR  replaces  the  negatively 
charged  residue  aspartic  or  glutamic  acid  in  AR  from  lower 
species.  Phosphorylation  at  Ser256  was  reported  for  human  AR 
(10)  and  effectively  reintroduces  the  constitutive  negative 
charge  present  in  lower  species.  The  proximity  of  Ser256  to  the 
NH2-terminal  conserved  motif  suggests  that  a  negative  charge 
at  this  position  modulates  protein  interactions  at  the  NH2- 
terminal  conserved  motif  and  that  phosphorylation  at  this  site 
is  a  regulatory  switch.  Although  the  interaction  between  CHIP 
and  AR  was  not  significantly  influenced  by  the  S256A  and 
S256D  mutations  in  mammalian  two-hybrid  assays,  the  tran¬ 
sition  from  the  constitutive  negative  charge  of  lower  species  to 
the  conditional  charge  regulated  by  phosphorylation  may  in¬ 
fluence  other  interacting  partners  at  this  site.  Higher  verte¬ 
brates  gain  the  ability  to  regulate  the  negative  charge  by  phos¬ 
phorylation.  This  is  also  suggested  by  the  human  AR 
phosphorylation  site  Ser650  (8,  10),  which  is  Asp  in  lower  spe¬ 
cies.  Similarly,  the  human  estrogen  receptor-a  phosphorylation 
site  Ser118  (67,  68)  is  Asp  in  the  lamprey  estrogen  receptor  (4). 
Increased  regulation  introduced  by  phosphorylation  likely 
helps  to  modulate  protein  interactions  to  increase  the  overall 
level  of  homeostatic  control. 


6  N.  M.  Greenberg,  personal  communication. 


NH2-terminal  domains  of  steroid  receptors  are  largely  un¬ 
structured,  and  amino  acid  sequence  is  poorly  conserved;  yet 
computational  programs  that  predict  protein  structure  can 
identify  short  ~20-amino  acid  residue  segments  with  ordered 
secondary  structure,  some  of  which  are  conserved  across  spe¬ 
cies.  The  PONDR  Protein  Disorder  Predictor  indicates  that  the 
FAXLF  and  WAXLF  motifs  are  structured,  and  similarly,  an 
ordered  amphipathic  a-helical  structure  is  predicted  for  the  AR 
NH2-terminal  conserved  motif  described  in  this  work.  We  de¬ 
signed  a  yeast  two-hybrid  screening  approach  based  on  se¬ 
quence  conservation  and  structure  predictions  that  short  or¬ 
dered  regions,  especially  amphipathic  a-helices,  are  surfaces 
for  protein-protein  interactions.  In  support  of  this,  the  highly 
conserved  AR  FXXLF  motif  and  flanking  sequence  mediate  the 
androgen-dependent  interaction  with  AF2  in  the  ligand-bind¬ 
ing  domain  (18,  21)  and  the  interaction  of  coregulatory  proteins 
(19,  38).  The  predicted  amphipathic  a-helices  of  the  pl60  coac¬ 
tivator  LXXLL  motifs  were  also  confirmed  by  structural  studies 
(69,  70).  Thus,  although  transcriptional  activation  domains  of 
regulatory  proteins  are  largely  unstructured  and  not  con¬ 
served,  short  segments  within  these  regions  are  predicted  to 
form  amphipathic  a-helices  whose  structure  is  likely  stabilized 
by  binding  coregulatory  proteins  (2,  71).  We  previously  pro¬ 
posed  a  reversal  of  the  acidic  transcriptional  activation  do¬ 
main-coactivator  interaction  model,  implicating  charge  inter¬ 
actions  that  precede  nonpolar  contacts  of  hydrophobic  residues 
in  protein-protein  interactions  mediated  by  amphipathic  a-hel- 
ices  (21).  In  the  present  study,  we  used  comparative  sequence 
alignment  and  structure  predictions  to  identify  a  14-amino  acid 
AR  NH2-terminal  conserved  motif  conserved  in  all  AR  se¬ 
quences  throughout  the  lower  vertebrates.  We  have  demon¬ 
strated  the  usefulness  of  yeast  two-hybrid  library  screening 
using  short  ~50-amino  acid  fusion  peptides  containing  con¬ 
served  sequence  and  predicted  structure  in  the  identification  of 
interacting  partners.  The  results  demonstrate  a  novel  strategy 
to  identify  interacting  partners  and  to  probe  the  functional 
significance  of  short  conserved  sequences  present  in  steroid 
receptor  NH2-terminal  domains. 
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Summary 

The  androgen  receptor  (AR)  is  required  for  male  sex 
development  and  contributes  to  prostate  cancer  cell 
survival.  In  contrast  to  other  nuclear  receptors  that 
bind  the  LXXLL  motifs  of  coactivators,  the  AR  ligand 
binding  domain  is  preferentially  engaged  in  an  interdo¬ 
main  interaction  with  the  AR  FXXLF  motif.  Reported 
here  are  crystal  structures  of  the  ligand-activated  AR 
ligand  binding  domain  with  and  without  bound  FXXLF 
and  LXXLL  peptides.  Key  residues  that  establish  motif 
binding  specificity  are  identified  through  comparative 
structure-function  and  mutagenesis  studies.  A  mecha¬ 
nism  in  prostate  cancer  is  suggested  by  a  functional 
AR  mutation  at  a  specificity-determining  residue  that 
recovers  coactivator  LXXLL  motif  binding.  An  activa¬ 
tion  function  transition  hypothesis  is  proposed  in  which 
an  evolutionary  decline  in  LXXLL  motif  binding  paral¬ 
lels  expansion  and  functional  dominance  of  the  NH2- 
terminal  transactivation  domain  in  the  steroid  recep¬ 
tor  subfamily. 

Introduction 

Nuclear  hormone  receptors  (NRs)  are  transcriptional  ac¬ 
tivators  that  regulate  hormone-dependent  differentia¬ 
tion  (Tsai  and  O’Malley,  1994;  Chawla  et  al.,  2001)  and 
increase  gene  activity  by  recruiting  coactivators  that 
assist  in  chromatin  remodeling  (Glass  and  Rosenfeld, 
2000).  Steroid  receptors,  a  subgroup  of  the  NR  super¬ 
family,  have  two  predominant  activation  regions.  Activa¬ 
tion  function  1  (AF1 )  in  the  NH2-terminal  region  is  variable 
in  sequence  and  its  activity  is  receptor  and  cell-type 
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dependent  (Metzger  et  al.,  1992;  Tremblay  et  al.,  1999). 
Activation  function  2  (AF2)  in  the  ligand  binding  domain 
(LBD)  is  a  highly  conserved  hydrophobic  cleft  flanked 
by  opposing  charge  residues  (Webster  et  al.,  1 989;  Nolte 
et  al.,  1998;  He  and  Wilson,  2003)  that  binds  the  LXXLL 
motifs  of  the  steroid  receptor  coactivator  (SRC)  family 
of  coactivators  (Onate  et  al.,  1995;  Hong  et  al.,  1996; 
Voegel  et  al.,  1998).  Some  coactivators  and  associated 
complexes  such  as  p300/CBP  have  potent  histone  ace¬ 
tyl  transferase  activity  (Ogryzko  et  al.,  1996).  Hormone 
binding  regulates  these  activities  by  repositioning  helix 
12  to  complete  the  AF2  binding  surface  (Moras  and 
Gronemeyer,  1998). 

Sequence  conservation  of  NR  AF2  reflects  a  common 
function  of  coactivator  binding.  The  androgen  receptor 
(AR)  AF2  has  weak  activity  in  mammalian  cells  but  re¬ 
cruits  SRC  coactivators  when  highly  expressed  as  in 
recurrent  prostate  cancer  (Gregory  et  al.,  2001).  AR  AF2 
preferentially  binds  the  FXXLF  motif  in  the  AR  NH2-termi- 
nal  region  (He  et  al.,  2000)  and  AR  coregulatory  proteins 
(He  et  al.,  2002b;  Hsu  et  al.,  2003).  Interaction  of  the  AR 
FXXLF  motif  23FQNLF27  with  AF2  is  androgen  dependent 
and  mediates  the  NH2-  and  carboxy  (C)-terminal  (N/C) 
interaction  (Langley  et  al.,  1998).  An  additional  NH2-ter- 
minal  WXXLF  binding  motif  433WHTLF437  contributes  to 
the  N/C  interaction  by  binding  AF2  (He  et  al.,  2002a). 
These  interdomain  interactions  are  important  in  regulat¬ 
ing  some  but  not  all  androgen-dependent  genes  in  tran¬ 
sient  reporter  assays. 

Here  we  report  the  molecular  basis  for  FXXLF  and 
LXXLL  motif  binding  to  AF2  based  on  a  comparison  of 
peptide  bound  and  peptide-free  AR  LBD  crystal  struc¬ 
tures  and  site-directed  mutagenesis.  We  demonstrate 
that  AR  20-30  FXXLF  and  TIF2-III  740-753  LXXLL  motifs 
bind  AR  AF2,  but  only  the  FXXLF  motif  peptide  binds 
with  an  intact  primary  charge  clamp  and  better  recogni¬ 
tion  conferring  hydrophobic  contacts  than  does  the 
LXXLL  motif.  Shown  are  key  residues  that  differentiate 
FXXLF  motif  binding  and  a  functional  AR  mutation  in 
prostate  cancer  that  recovers  LXXLL  motif  binding.  The 
data  suggest  a  transition  in  dominant  transactivation 
domains  from  AF2  to  AF1  during  NR  evolution. 

Results 

AR  FXXLF  Peptide-AR  LBD-R1881  Structure 
Human  AR  LBD  bound  to  R1 881  was  cocrystallized  with 
human  AR  FXXLF  peptide  20-30,  TIF2  coactivator  LXXLL 
peptide  740-753,  and  without  peptide.  The  resulting 
monomeric  structures  contain  12  a  helices  and  4  small 
P  strands  assembled  into  the  familiar  3-layer  a-helical 
structure  (Figures  1 A  and  1 B).  The  arrangement  resem¬ 
bles  structures  of  the  progesterone  receptor  (PR)  (Wil¬ 
liams  and  Sigler,  1998),  glucocorticoid  receptor  (GR) 
(Bledsoe  et  al.,  2002),  AR  (Matias  et  al.,  2000;  Sack  et 
al.,  2001),  and  other  NRs  (Gampe  et  al.,  2000).  R1881  is 
bound  in  the  ligand  binding  pocket  in  a  mode  consistent 
with  that  of  Matias  et  al.  (2000).  The  characteristic  A- 
and  D  ring  hydrogen  (H)  bonding  network  and  other  key 
interactions  are  maintained. 
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Figure  1.  Structures  of  the  AR  FXXLF  and  TIF2-III  LXXLL  Peptides  Bound  to  AR-R1881 

(A)  Global  architecture  of  AR  20-30  FXXLF  (magenta  ribbon)  and  R1881  (space  filled  atoms  yellow  carbon  and  red  oxygen)  bound  to  AR  LBD 
(gray  ribbon)  with  helices  3,  3',  4,  and  12  (green  ribbon)  in  AF2.  Conserved  charge-clamp  residues  are  K720  (blue)  in  helix  3  and  E897  (red) 
in  helix  12. 

(B)  Global  architecture  of  TIF2-III  740-753  LXXLL  (yellow  ribbon)  and  R1881  (as  in  [A])  bound  to  AR  LBD  (orange  ribbon)  with  helices  3,  3',  4, 
and  12  (green  ribbon)  in  AF2. 

(C)  A  ^2.0  A  C-terminal  shift  of  bound  TIF2-III  (yellow  ribbon)  relative  to  bound  AR  FXXLF  (magenta  ribbon)  by  superimposition  of  (A)  and  (B) 
(backbone  root-mean-square  distance  [rmsd]  0.21  A). 
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Table  1.  Crystallographic  Data  and  Refinement  Statistics 

Crystals 

AR  R1881  AR20-30 

AR  R1881  TIF2-III 

AR  R1881  None 

X-ray  source 

Rigaku-RU-H2R-200 

APS-32ID 

APS-17ID 

Space  group 

82,2,2, 

82,2,2, 

82,2,2, 

Unit  cell 

a  =  54.9,  b  =  66.1,  c  =  70.4 

a  =  54.6,  b  =  66.7,  c  =  69.4 

a  =  56.9,  b  =  65.8,  c  =  72.6 

Resolution  (A) 

50.0-1 .8 

50.0-1 .9 

50.0-2.3 

Unique  reflections 

22,123 

20,036 

13,364 

Completeness  (%) 

90.4 

93.0 

99.4 

I/a  (last  shell) 

37.8  (2.1) 

30.0  (4.7) 

32.0  (2.7) 

Rsyrn3  (%) 

4.1 

7.3 

5.7 

Refinement 

Resolution  range 

50.0-1 .8 

50.0-1.9 

50.0-2.3 

R  factor6  (%) 

21.0 

22.1 

21.5 

Rfree  (%) 

21.3 

24.1 

24.2 

Rmsd  bond  lengths  (A) 

0.007 

0.006 

0.007 

Rmsd  bond  angles  (°) 

1.1 

1.1 

1.1 

Total  non  hydrogen  atoms 

2,267 

2,185 

2,086 

Accession  numbers 

1XOW 

1XQ2 

1XQ3 

Rmsd  is  the  root-mean-square  deviation  from  ideal  geometry. 
aRsym  =  Sllavg  -  \i\l%\i 

bR  factor  =  S|FP  —  Fpcafc|/2FP,  where  Fp  and  Fpcafc  are  observed  and  calculated  structure  factors;  RIree  was  calculated  from  a  random  set  of 
reflections  that  were  excluded  from  refinement  and  R  factor  calculations. 


Excellent  quality  electron  density  accounts  for  AR 
FXXLF  residues  21-30  (Figure  2A  and  Table  1)  and  is 
clearly  visible  as  a  two-turn  amphipathic  a  helix  where 
F23,  L26,  and  F27  are  directed  toward  the  LBD  surface 
and  Q24,  N25,  and  Q28  are  exposed  to  the  solvent  (Fig¬ 
ure  2C).  FQNLF  is  FI  bonded  NFI2-  to  C-terminal  by  the 
conserved  oxy-steroid  E897  (helix  12)  and  K720  (helix 
3),  respectively,  which  reside  in  clusters  of  opposite 
charge  (Fie  and  Wilson,  2003).  This  result  is  reminiscent 
of  the  charge  clamp  originally  revealed  in  the  SRC-1 - 
PPARy  (Nolte  et  al.,  1998)  and  other  coactivator  bound 
NR  structures  (Darimont  et  al.,  1998;  Shiau  et  al.,  1998; 
Gampe  et  al.,  2000).  Two  FI  bonds  are  observed  between 
the  E897  carboxylate  and  A22  and  F23  amides.  Back¬ 
bone  carbonyl  oxygens  from  F27  and  V30  FI  bond  with 
the  side  chain  of  K720  (Figure  2A).  No  interactions  are 
observed  from  other  residues  that  reside  in  either  charge 
cluster.  Between  the  charge  clusters,  ten  mostly  hy¬ 
drophobic  residues  from  helices  3,  4,  and  12  form  the 
AF2  cleft  floor  (1898,  L712,  1737,  and  V716,  Figure  2F), 
which  is  bounded  on  one  side  by  a  low  rise  from  M894, 
V71 3,  and  K71 7,  and  on  the  other  by  a  helix  4  ridge  from 
Q738,  M734,  V730,  and  Q733.  Binding  FXXLF  increases 
the  distance  between  M734  and  M894  by  ~1.5  A, 
allowing  extensive  hydrophobic  exposure  through  face 
on  interactions  from  the  F23  and  F27  phenyl  rings  with 
the  helix  4  ridge  of  the  AF2  cleft  (Figures  2C  and  2F). 
Both  F23  and  F27  adopt  similar  conformers  and  lie  in  a 
staggered,  almost  parallel  orientation  near  M734  that 
allows  the  planar  aromatic  ring  of  F23  to  contact  the 
Q738  side  chain  (carbons  Cy  and  CS)  and  be  enclosed 


by  L71 2,  V71 6,  M734,  1737,  M894,  1898,  and  L26.  All  F23 
aromatic  side  chain  atoms  lie  between  3.5  and  3.9  A  of 
the  Q738  CS  and  Cy  carbons.  The  planar  aromatic  ring 
of  F27  contacts  the  Cy  carbon  and  S8  sulfur  of  M734 
and  the  K720  CS  and  Ce  carbons  and  is  enclosed  by 
V716,  V730,  Q733,  and  1737.  All  F27  aromatic  side  chain 
atoms  lie  between  3.4  and  4.0  A  of  the  M734  side  chain, 
with  additional  hydrophobic  contact  between  the  L26 
side  chain  and  V713,  V716,  and  M894  from  helix  12. 

Superimposition  of  backbone  heavy  atoms  indicates 
no  major  rearrangement  of  the  protein  backbone  or  li¬ 
gand  binding  pocket  with  FXXLF  binding.  Flowever,  con¬ 
sistent  with  an  induced  fit  mechanism,  FXXLF  causes 
conformational  changes  in  AR  side  chains  contacting 
the  peptide  (Figure  1 D).  Charge-clamp  residues  K720 
and  E897  move  and  form  FI  bonds  with  the  peptide. 
Side  chain  interactions  between  Q738  and  F23  induce 
conformational  changes  in  V716  and  in  the  flexible 
M734.  An  increased  distance  from  3.0  to  3.9  A  between 
Q738  Oel  and  Q902  Ne2  suggests  Q738  and  F23  interac¬ 
tions  disrupt  a  FI  bond  network  from  Q738  to  Q902  and 
K905  in  helix  12  that  was  observed  in  the  peptide-free 
structure.  At  the  start  of  helix  4,  V730  is  drawn  closer 
to  F27.  Combined  interactions  of  F27  and  the  FXXLF 
C-terminal  backbone  force  K720  toward  R726,  whose 
guanadinium  group  moves  4  A  away  from  its  location 
in  the  peptide-free  structure  (Figures  2C  and  2F).  A 
change  of  this  magnitude  may  be  driven  in  part  by  con¬ 
tact  between  R726  and  an  adjacent  molecule  in  the 
crystal.  In  helix  12,  M894  moves  to  contact  L26  of 
23FQNLF27.  We  conclude  that  M734,  M894,  E897,  and 


(D)  Stereoview  of  AR  AF2  showing  conformational  differences  in  AR  20-30  bound  and  unbound  states.  Amino  acid  residues  of  AR  (gray)- 
R1 881 -FXXLF  (magenta)  and  AR  (yellow)-RI  881  without  peptide  are  superimposed  (backbone  rmsd  0.21  A). 

(E)  Stereoview  of  AR  AF2  showing  conformational  differences  in  TIF2-III  740-753  bound  and  unbound  states.  Amino  acid  residues  for  AR 
(orange)-RI  881 -LXXLL  (yellow)  and  AR  (yellow)-R1881  without  peptide  structures  are  superimposed  (backbone  rmsd  0.20  A). 

(F)  Superimposed  stereoview  of  AR  AF2  from  AR  FXXLF  (magenta)-AR  (gray)-R1881  and  TIF2-III  (yellow)-AR  (orange)-RI 881  structures 
(backbone  rmsd  0.21  A).  The  C-terminal  shifted  TIF2-III  fails  to  H  bond  with  E897  and  forces  a  conformational  change  on  K720.  TIF2-III  L745 
and  L749  C82  carbons  occupy  similar  space  to  AR  20-30  F23  and  F27  but  fail  to  establish  extensive  hydrophobic  contact  afforded  by  F23 
and  F27. 
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K720  play  a  prominent  role  in  AR  FXXLF  binding  and 
undergo  notable  conformational  change  along  with 
R726  that  does  not  contact  the  peptide  (Figure  1  A,  2C, 
and  2F). 

TIF2  LXXLL  Peptide-AR  LBD-R1881  Structure 
Good  quality  electron  density  defines  the  bound  TIF2- 
III  740-753  peptide  as  a  two-turn  amphipathic  a  helix 
with  L745,  L748,  and  L749  turned  toward  the  LBD  sur¬ 
face  and  R746  and  Y747  exposed  to  the  solvent  (Figures 
IB  and  2D,  and  Table  1).  Backbone  amides  of  TIF2-III 
745LRYLL749  are  too  distant  to  FI  bond  with  the  disordered 
carboxylate  oxygen  atoms  of  AR  E897  in  helix  12  or 
other  residues  in  the  negative  charge  cluster  (Figures 
2B  and  2D).  Lack  of  an  NFI2-terminal  backbone  H  bond 
to  the  charge-clamp  residue  distinguishes  LXXLL  bind¬ 
ing  to  AR  from  previously  described  coactivator  bound 
NR  structures.  Disorder  in  the  E897  carboxylate  oxygens 
also  prevents  defining  a  stable  electrostatic  interaction 
to  the  proximal  TIF2-III  N742  N82,  which  further  FI  bonds 
to  Ne2  of  AR  Q738  and  participates  in  the  FI  bond  net¬ 
work  to  helix  12  Q902  and  K905  described  above.  On 
the  C-terminal  end  of  LXXLL,  the  backbone  carbonyls 
of  L748,  L749,  and  K751  (A)  accept  a  FI  bond  from  AR 
K720  N£.  The  side  chain  of  AR  R726  moves  to  strongly 
FI  bond  (2.6  A)  with  the  AR  Q733  side  chain  and  weakly 
(3.5  A)  with  the  TIF2-III  L749  carbonyl.  Ten  residues  in 
helices  3,  4,  and  12  interact  with  the  branched  leucine 
side  chains  in  TIF2-III.  Both  TIF2-III  L745  and  L749  adopt 
similar  conformers  and  lie  in  a  staggered  almost  parallel 
orientation  near  AR  M734.  Since  fewer  side  chain  atoms 
from  the  branched  TIF2-III  L745  and  L749  are  directed 
toward  the  helix  4  ridge,  fewer  hydrophobic  contacts 
are  made.  The  single  C82  methyl  of  L745  makes  only 
two  contacts  with  the  AR  Q738  side  chain  at  Cy  (3.3  A) 
and  C8  (3.5  A)  and  is  enclosed  by  AR  V716,  M734,  and 
M894.  Likewise,  TIF2-III  L749  C82  makes  two  contacts 
(3.9  A)  with  AR  M734  C~y  and  SS  and  is  enclosed  by  AR 
K720,  V730,  and  1737.  Additional  hydrophobic  contact 
occurs  between  the  TIF2-III  L748  side  chain  and  AR 
M894  in  helix  1 2  and  is  enclosed  by  AR  V71 6  and  V71 3. 

Like  FXXLF,  LXXLL  peptide  binding  does  not  impose 
large  changes  in  the  global  structure,  but  induces  con¬ 
formational  changes  in  AR  side  chains  that  contact  or 
lie  near  the  peptide  (Figures  IB,  IE,  and  2D).  Slight 
movement  in  AR  E897  may  arise  from  the  adjacent  TIF2- 
III  N742  side  chain  since  it  is  too  distant  to  FI  bond 
to  the  peptide  backbone.  On  the  other  end,  AR  K720 
rearranges  to  FI  bond  with  TIF2-III  L748,  L749,  and  the 
C  terminus.  A  movement  of  ~2.0  A  is  observed  for  AR 
R726  as  it  forms  interactions  with  TIF2-III  L749  and  AR 
Q733  (Figure  2)  similar  to  the  secondary  charge  clamp 
described  for  GR  (Bledsoe  et  al.,  2002).  Flowever,  3.5  A 
between  the  AR  R726  side  chain  and  TIF2-III  L749  back¬ 
bone  oxygen  indicates  a  weak  FI  bond,  and  4.4  A  be¬ 
tween  TIF2-III  R746  and  AR  D731  is  too  distant  for  a 
second  direct  FI  bond.  Thus,  these  interactions  do  not 
qualify  as  a  fully  intact  secondary  charge  clamp.  A  mod¬ 
erate  change  in  the  flexible  AR  M734  side  chain  is  seen 
as  the  C82  methyls  from  L745  and  L749  make  contact 
with  M734.  TIF2-III  L745  induces  a  slight  change  in  AR 
Q738  and  M894  side  chains.  M734,  Q738,  M894,  K720, 
and  in  particular  R726,  contribute  to  binding  the  TIF2- 


III  peptide  and  undergo  notable  conformational  change 
(Figures  1  E,  2D,  and  2F). 

Superimposition  of  the  AR  structures  illustrates  simi¬ 
larities  and  differences  between  the  AR  20-30  and  TIF2- 
III  binding  modes  (Figures  1C,  IF,  and  2E).  Both  amphi¬ 
pathic  peptides  align  along  a  similar  helical  axis  and 
shelter  hydrophobic  residues  within  the  AF2  cleft.  Flow¬ 
ever,  a  ~2.0  A  C-terminal  shift  along  the  helical  axis  for 
TIF2-III  relative  to  AR20-30  is  observed,  separating  TIF2- 
III  from  charge-clamp  residue  AR  E897  and  preventing 
FI  bonding.  The  sizeable  shift  and  resulting  absence  of 
FI  bonding  distinguishes  TIF2-III  from  AR  20-30  motif 
binding  to  the  AR  LBD.  TIF2-III  induces  conformational 
changes  where  AR  K720  is  pushed  away  relative  to  the 
FXXLF  and  peptide-free  structures  and  R726  contrib¬ 
utes  a  new  distant  FI  bond  to  the  TIF2-III  L749  backbone 
oxygen  and  a  closer  one  to  the  AR  Q733  side  chain. 
Despite  the  sizeable  shift  of  LXXLL,  the  respective  i+1, 
i+4,  and  i+5  leucine  residues  appear  in  register  and 
respectively  contact  many  of  the  same  residues  as 
FXXLF.  Flowever,  these  contacts  are  fewer  and  less  opti¬ 
mized  due  to  the  geometry  and  conformation  of  the 
branched  leucine  side  chains  in  relation  to  the  AF2 
surface. 

Determinants  of  AF2  Binding  Specificity 
Consistent  with  previous  cell-based  and  in  vitro  binding 
studies  (Fie  et  al.,  2001;  Fie  and  Wilson,  2003),  the  AR 
LBD  binds  AR  20-30  FXXLF  (9.2  ±  0.4  ^.M)  with  higher 
affinity  than  the  LXXLL  peptide  TIF2-III  740-751  (78  ± 
28  p.M)  determined  by  fluorescence  polarization  (Figures 
3A  and  3B).  In  contrast,  ERa  LBD  preferentially  binds 
the  LXXLL  peptide  (2.1  ±  0.2  (xM)  over  the  FXXLF  pep¬ 
tide  (>100  jxM). 

Crystal  structures  and  comparative  sequence  align¬ 
ment  (Figure  3C)  suggest  V730  and  M734  discriminate 
FXXLF  and  LXXLL  binding.  AR-V730I-M734I  that  mimics 
PR  AF2  and  AR-V730L-M734V  that  mimics  ERa  AF2 
decrease  binding  of  the  AR  FXXLF  peptide  (Figure  3D). 
The  ERa-like  mutant  also  decreases  binding  of  FXXLF 
sequences  from  coregulatory  proteins  ARA54  and 
ARA70  (Figure  3E).  In  contrast,  both  mutants  increase 
AR  binding  of  the  TIF2-III  and  SRC1-IV  LXXLL  peptides 
(Figure  3D). 

An  effect  of  V730  and  M734  on  AR  FXXLF  binding 
was  also  evident  in  transcription  assays  using  PSA-Enh- 
Luc  (Fluang  et  al.,  1 999)  and  p21  -Luc  (Lu  et  al.,  1 999)  that 
require  the  AR  N/C  interaction  for  maximal  gene  activation, 
with  90%  loss  of  activity  by  the  AR-23FXXAA27  mutant 
(Figures  4A  and  4B).  The  PR-like  and  ERa-like  AR  mutants 
reduce  androgen-dependent  transactivation  of  these  re¬ 
porters  but  cause  little  change  in  MMTV-Luc,  a  reporter 
less  dependent  on  the  AR  N/C  interaction  (Fie  et  al., 
2002a).  The  results  support  AR  AF2  residues  V730  and 
M734  are  critical  for  FXXLF  motif  binding. 

Ligand  Dissociation  Rates  Support  the  Role 

of  M734  in  FXXLF  Motif  Binding 

Mutations  that  disrupt  the  AR  N/C  interaction  exhibit 

reduced  half-times  (t1/2)  of  androgen  dissociation  (Fie  et 

al.,  2000,  2001).  [3FH]R1 881  dissociation  from  the  PR-like 

mutant  AR-V730I/M734I  (t,/2  =  72  ±  11  min;  K,  =  0.71  ± 

0.28  nM)  and  ERa-like  mutant  AR-V730L/M734V  (t1/2  = 
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Figure  2.  Structural  Details  for  AR  FXXLF  and  TIF2-III  LXXLL  Peptide-AR  LBD-R1881  Complexes 

(A)  2F0  —  Fc  electron  density  map  (blue)  contoured  at  1 .8cr  from  1.8  A  data  for  bound  AR  20-30.  Except  for  NH2-terminal  arginine,  clearly 
ordered  electron  density  is  observed  for  all  peptide  residues.  Carbon  atoms  are  green,  oxygen  red,  and  nitrogen  blue;  annotations  for  AR 
LBD  are  in  yellow,  AR  20-30  in  orange  with  intact  charge-clamp  H  bonds  in  solid  orange  lines  with  distances. 

(B)  2F0  —  Fc  electron  density  map  (blue)  contoured  at  1.4a  from  1.9  A  data  for  bound  TIF2-III  740-753.  Electron  density  is  devoid  for  K740, 
D752,  and  D753  and  poor  for  L744  and  K751  that  were  built  as  alanine.  H  bond  interactions  are  shown  with  solid  orange  lines.  Excess  distance 
and/or  the  disordered  E897  carboxylate  oxygens  prevent  description  of  electrostatic  interactions  to  the  TIF2-III  backbone  amides  and  the 
proximal  N742  side  chain.  Also  the  D731  to  TIF2-III  R746  distance  is  too  long  to  support  direct  H  bonding  (dashed  yellow  lines  with  distances 
and  colors  as  in  [A]). 

(C)  Surface  representation  of  AR  AF2  with  bound  AR  20-30.  AR  E897,  E893,  and  E709  with  K720,  K717,  and  R726  (Roman  font)  create  charge 
clusters  (positive  in  blue,  negative  in  red)  that  flank  FQNLF  (italicized  font).  FXXLF  is  charge  clamped  by  E897  and  K720. 

(D)  Surface  representation  of  AR  AF2  bound  to  TIF2-III.  AR  E897,  E893,  and  E709  and  K720,  K717,  and  R726  (Roman  font)  create  charge 
clusters  (positive  blue,  negative  red)  that  flank  LRYLL  (italicized  font).  TIF2-III  lacks  backbone  H  bonds  to  AR  E897  but  H  bonds  with  K720 
and  AR  R726  that  moves  left  to  weakly  H  bond  with  L749.  TIF2-III  L745  and  L749  make  fewer  less  optimal  hydrophobic  contacts  with  Q738, 
M734,  and  V730  located  in  AF2  (green)  helix  4  ridge  and  K720  as  does  L748  to  AR  V713. 

(E)  Superimposed  surface  representation  of  the  C-terminal  shift  of  TIF2-III  (yellow)  to  the  AR  FXXLF  (magenta)-AR-RI  881  structure  (backbone 
rmsd  0.21  A).  TIF2-III  LRYLL  i+1  (not  visible)  and  i+5  leucines  are  shifted  but  in  register  with  corresponding  phenylalanines  in  AR  20-30. 
Binding  TIF2-III  requires  AR  K720  to  move  (Figure  2D)  allowing  AR  R726  to  move  and  participate  in  LXXLL  binding. 

(F)  Surface  representation  of  peptide-free  AR  AF2.  AR  E897,  E893,  E709  and  K720,  K717,  R726  present  negative  (red)  and  positive  (blue) 
charge  clusters  that  flank  AF2  (green). 
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71  ±  7  min;  Kd  =  1 .4  ±  0.63  nM)  was  faster  than  from 
wild-type  AR  (t1/2  =  1 09  ±11  min;  Kd  =  0.52  ±  0.08  nM) 
(Figure  4C)  even  though  equilibrium  binding  affinities 
were  not  altered.  A  similarly  fast  dissociation  rate  from 
AR-M734I  (t,/2  =  75  ±  7  min;  Kd  =  0.75  ±  0.09  nM) 
indicates  M734  is  critical  for  FXXLF  motif  binding. 

A  Functional  AR  Mutation  in  Prostate  Cancer 
at  Specificity-Determining  Residue  V730 
V730M  is  a  functional  somatic  mutation  that  increases 
AR  transactivation  by  adrenal  androgens  (Culig  et  al., 
1993;  Peterziel  et  al.,  1995).  Because  mutations  at  V730 
to  longer  side  chain  residues  increase  LXXLL  motif  bind¬ 
ing  (Figure  3D,  data  not  shown),  we  tested  whether  a 
functional  mutation  at  this  site  alters  binding  specificity 
and  coactivator  recruitment.  We  found  the  interaction 
between  AR-V730M  and  GAL-SRC1-IV  increases  com¬ 
pared  to  wild-type  AR  in  the  presence  of  R1881,  dihy¬ 
drotestosterone  (DHT),  androstenedione,  and  andro- 
stanediol,  but  not  progesterone  (Figures  4D  and  4E). 
The  small  decrease  in  FXXLF  binding  agrees  with  ligand 
dissociation  studies  that  show  AR-V730M  (t,/2  =  112  ± 
22  min;  Kd  =  0.42  ±  0.15  nM)  similar  to  wild-type  AR. 

In  vitro  binding  of  GST-TIF2  and  GST-SRC1  LXXLL 
fragments  to  35S-AR-LBD-V730M  also  increases  in  the 
presence  of  DHT  or  androstenedione  compared  to  wild- 
type  AR  (Figure  4F).  But  there  is  no  increase  in  AR- 
V730M  binding  of  AR  FXXLF  in  the  presence  of  DHT. 
Specificity  for  FXXLF  motif  binding  in  the  presence  of 
high-affinity  androgens  is  also  evident.  The  results  sug¬ 
gest  somatic  prostate  cancer  AF2  mutant  AR-V730M 
recovers  LXXLL  binding  with  minimal  effect  on  FXXLF 
binding. 

Declining  AF2  Activity  in  PR,  GR,  and  AR 
AR  AF2  residue  V71 3  is  present  in  ERa,  ER(3,  and  steroid 
receptor  progenitors  in  sea  lamprey  and  mollusk,  but  is 
replaced  by  L727  in  PR  and  1572  in  GR  (Figure  3C).  In 
agreement  with  the  structures,  we  found  that  V713  is 
important  for  AR  binding  of  the  FXXLF  and  LXXLL  motifs. 
AR-V713L  and  AR-V713I  mimic  PR  and  GR  at  this  site 
and  reduce  binding  of  AR  FXXLF  and  coactivator  LXXLL 
motifs  (Figure  5A),  suggesting  selective  pressure  main¬ 
tained  ancestral  V713  for  FXXLF  binding. 

Transition  of  valine  to  longer  chain  residues  in  PR  and 
GR  raised  the  possibility  that  LXXLL  binding  and  AF2 
activity  decreases  during  evolution.  Based  on  sequence 
alignment  and  crystal  structures  (Williams  and  Sigler, 
1998),  AR  AF2  V713,  V730,  and  M734  correspond  to  PR 
L727,  1744,  and  1748  and  GR  1572,  L589,  and  M593  (Fig¬ 
ure  3C).  Transactivation  by  GAL-PR-LBD-L727V  is 
greater  than  wild-type  (Figure  5B)  and  increases  with 
the  L727V-I748V  mutations  that  restore  both  ancestral 
valines.  GAL-GR-LBD-I572V  strongly  increases  trans¬ 
activation  relative  to  wild-type,  as  did  the  corresponding 
mutant  GAL-GR-LBD-I572V-M593V,  suggesting  that 
evolving  sequence  changes  in  PR  and  GR  decrease 
inherent  activity  of  AF2.  Inserting  a  set  of  AR  AF2  resi¬ 
dues  in  GAL-PR-LBDm4  and  GAL-GR-LBDm6  reduced 
AF2  activity. 

We  found  that  evolving  sequence  changes  in  PR  and 
GR  that  reduce  AF2  activity  correlate  with  decreased 
binding  of  the  SRC  coactivators.  GAL-PR-LBD-L727V 


increases  SRC/pi  60  coactivator  binding  (Figure  5C). 
The  m4  mutant  in  which  four  PR  AF2  residues  are  re¬ 
placed  by  corresponding  residues  of  AR,  increases  co¬ 
activator  binding,  but  to  a  lower  extent  than  the  single 
mutant  relative  to  wild-type.  Similarly,  GAL-GR-LBD- 
1572V  increases  coactivator  interaction  (Figure  5D)  as 
does  GAL-GR-LBDm6,  but  to  a  lower  extent  than  the 
single  mutant.  Evolving  AF2  sequence  in  PR  and  GR 
limits  inherent  transcriptional  activity  of  AF2  by  decreas¬ 
ing  coactivator  recruitment.  The  decrease  is  less  than 
that  for  AR  where  evolutionary  changes  favor  FXXLF 
binding. 

FXXLF  Motif  Binding  by  PR  and  GR  Mutants 
Structural  determinants  of  AF2  binding  specificity  were 
tested  by  attempting  to  convert  PR  and  GR  AF2  into  an 
FXXLF  binding  site.  GAL-PR-LBD  and  VP-AR1-660  do 
not  interact,  but  GAL-PR-LBD-L727V  interacts  with  this 
AR  NH2-terminal  fragment  (Figure  5E)  and  increases 
further  when  AR  V713,  V730,  M734,  and  1898  replace 
corresponding  PR  residues.  A  similar  set  of  mutations 
in  GAL-GR-LBD-m6  increases  binding  of  VP-AR1-660 
compared  to  wild-type  GAL-GR-LBD,  and  binding  is 
eliminated  by  the  AR  FXXAA  mutation  (Figure  5F).  The 
results  support  M734,  V730,  and  V713  as  key  residues 
in  AR  FXXLF  motif  binding.  It  is  noteworthy  that  PR- 
LBDm4  and  GR-LBD-m6  retain  LXXLL  binding  (Figures 
5C  and  5D),  suggesting  additional  determinants  contrib¬ 
ute  to  binding  specificity. 

Transition  to  AF1 

Dependence  of  NR  AF1  activity  on  length  of  the  NH2- 
terminal  domain  was  measured  using  human  NR-GAL4 
DNA  binding  domain  fusion  proteins  expressed  in 
HepG2  (Figure  6A).  We  found  an  exponential  increase  in 
transcriptional  activity  with  NH2-terminal  domain  length 
(R  =  0.99,  n  =  9),  with  a  similar  trend  seen  in  HeLa,  CV1 , 
and  COS  cells  (data  not  shown).  The  data  support  that 
AF1  transcriptional  strength  increases  with  NH2-terminal 
length  as  it  evolves  in  the  NR  family. 

Discussion 

Molecular  Determinants  of  FXXLF 
and  LXXLL  Motif  Binding 

Our  data  indicate  that  differential  binding  affinity  and 
specificity  are  established  by  distinct  electrostatic  and 
hydrophobic  interactions  revealed  in  our  AR-R1881 
crystal  structures  bound  with  AR  FXXLF  and  TIF2-III 
LXXLL  peptides.  Through  an  induced  fit  mechanism, 
AR  20-30  contacts  E897  with  classical  charge-clamp  H 
bonding  that  is  absent  in  the  bound  TIF2-III.  Although 
new  distant  contacts  form  between  the  TIF2-III  and  AR, 
the  interactions  apparently  provide  insufficient  energy 
to  recover  what  might  arise  from  close  NH2-terminal 
backbone  H  bonds  with  E897.  More  importantly,  selec¬ 
tive  high-affinity  binding  by  AR  AF2  of  phenylalanines 
at  i+1  and  i+5  suggests  that  the  hydrophobic  character, 
size,  and  complementarity  contribute  a  substantial  non¬ 
polar  binding  energy. 

The  crystal  structures  show  that  the  AR  AF2  solvent- 
exposed  hydrophobic  cleft  shelters  hydrophobic  resi¬ 
dues  of  bound  amphipathic  peptides  from  the  solvent 
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Figure  3.  AF2  Determinants  of  FXXLF  and  LXXLL  Motif  Binding  Specificity 

(A  and  B)  Affinities  of  FXXLF  and  LXXLL  peptides  for  AR  and  ERa  LBDs.  Binding  of  ERa  (■)  and  AR  (▲)  LBDs  to  AR  20-30  ([A],  FXXLF)  and 
TIF2-III  740-751  ([B],  LXXLL)  and  fluoroscein-labeled  peptides  were  measured  by  fluorescence  polarization. 

(C)  Sequence  alignment  of  AF2  surface  residues  for  human  AR  GenBank  M20132,  human  PR  QRHUP,  sea  lamprey  progestin  receptor  AY028458, 
human  GR  P04150,  human  mineralocorticoid  receptor  NP000892,  sea  lamprey  corticoid  receptor  AY028457,  human  ERa  P03372,  human  ERp 
NP001428,  sea  lamprey  ER  AY028456,  California  sea  hare  Aplysia  californica  mollusk  ER  AY327135,  and  human  retinoic  acid  receptor  a 
PI  0276.  AR  AF2  residues  involved  in  FXXLF  motif  binding  are  shaded. 

(D)  Substitution  of  PR  and  ER  residues  in  AR  AF2.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  R1881  used  5xGAL4Luc  3  and 
10  ng/well  pCMVhAR,  AR-V730I-M734I,  or  AR-V730L-M734V,  with  50  ng/well  of  GAL0,  GAL-AR20-30  (ARFx),  GAL-TIF2-738-756  (TIF2-III,  3rd 
LXXLL),  or  GAL-SRC1  -1428-1 441  (SRC-IV,  4th  and  C-terminal  LXXLL).  Inset:  schematic  of  two-hybrid  assay  for  FXXLF  motif  binding  by  AR. 

(E)  Reduction  in  coregulator  FXXLF  motif  binding  by  ER-like  AR  mutant.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  R1881 
used  10  ng/well  pCMVhAR  or  AR-V730L-M734V  with  50  ng/well  GAL0,  GAL-ARFx,  GAL-ARA54-447-465  (ARA54Fx),  or  GAL-ARA70-321 - 
340  (ARA70FX). 
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Figure  4.  Promoter  Dependence  and  Prostate  Cancer  Functional  Mutant  AR-V730M 

(A  and  B)  Dependence  on  the  AR  NC  interaction.  Transcriptional  activity  of  AR  and  mutants  was  determined  in  HepG2  cells  with  and  without 
0.1  nM  R1881  using  50  ng/well  pCMVhAR  (WT),  AR-V730I/M734I,  V730L/M734V  or  L26A/F27A  (FXXAA)  with  PSA-Enh-Luc,  MMTV-Luc,  and 
p21-Luc. 

(C)  Reduced  AR  N/C  interaction  and  increased  androgen  dissociation.  COS  cells  transfected  with  pCMVhAR  or  AR-V730M,  M734I,  V730I- 
M734I,  or  V730L-M734V  were  incubated  with  10  nM  [3H]R1881  and  dissociation  rates  measured. 

(D)  Increase  in  LXXLL  binding  by  prostate  cancer  AR  mutant.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  R1881  used  5xGAL4Luc 
and  10  ng/well  pCMVhAR  or  AR-V730M  with  50  ng/well  GAL0,  GAL-AR20-30  (GAL-ARFx),  or  GAL-SRC1 -1428-1 441  (GAL-SRC-IV). 

(E)  Effects  of  steroids  on  LXXLL  binding.  Two-hybrid  assays  in  HeLa  cells  were  performed  with  and  without  10  nM  DHT,  androstenedione 
(AD),  androstanediol  (OL),  or  progesterone  (P)  using  50  ng/well  GAL-SRC1-IV  and  10  ng/well  of  pCMVhAR  or  AR-V730M. 

(F)  Increase  in  LXXLL  binding  in  vitro.  Partially  purified  GST-0,  GST-TIF2-624-1141  (TIF2-M),  GST-SRC1-1139-1441  (SRC-C),  and  GST-AR4- 
52  (AR-FXXLF)  were  incubated  with  35S-AR624-91 9  (WT)  and  AR-LBD-V730M  with  and  without  1  |xM  DHT  or  androstenedione.  Input  lanes 
have  30%  of  the  reaction. 
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Figure  5.  Evolutionary  Decline  in  AF2  Activity  and  FXXLF  Motif  Binding  by  PR  and  GR  Mutants 

(A)  Role  of  AR  V713.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  R1881  used  5xGAL4Luc3  and  5  ng/well  pCMVhAR,  AR-V713L, 
or  V713I  with  50  ng/well  GAL0,  GAL-AR20-30  (ARFx),  GAL-TIF2-738-756  (TIF2-III),  or  GAL-SRC1 -1428-1 441  (SRC-IV). 

(B)  Inherent  transcriptional  activity  of  PR  and  GR  AF2  mutants.  HeLa  cells  were  assayed  using  50  ng/well  GAL-PR-LBD  (residues  636-933) 
or  mutants  L727V,  L727V-I748V,  or  L727V-I744V-I748M-V912I  (m4)  with  and  without  1  nM  R5020  or  with  50  ng/well  GAL-GR-LBD  (residues 
486-777)  or  mutants  1572V,  I572V-M593V,  or  G568E-V571 L-I572V-A574V-L589V-L596I  (m6)  with  and  without  10  nM  dexamethasone  (DEX). 

(C)  Increase  in  LXXLL  binding  by  PR  AF2  mutants.  Two-hybrid  assays  in  HepG2  cells  with  or  without  10  nM  R5020  used  50  ng/well  GAL-PR- 
LBD  or  mutants  L727V  or  L727V-I744V-I748M-V912I  (m4)  with  50  ng/well  pNLVP16  (0),  VP-TIF2-624-1287  (TIF2.1),  VP-TRAM1 -604-1 297 
(TRAM1.1),  or  VP-SRC1  -568-1 441  (SRC). 

(D)  Increase  in  LXXLL  binding  by  GR  AF2  mutants.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  DEX  used  50  ng/well  GAL-GR- 
LBD  (residues  486-777)  or  mutants  1572V  or  G568E-V571 L-I572V-A574V-L589V-L596I  (GR-LBDm6)  with  50  ng/well  VP-0,  VP-TIF2.1 ,  VP-TRAM1 .1 , 
or  VP-SRC. 
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Figure  6.  Direct  Correlation  between  AF1  Ac¬ 
tivity  and  Length,  and  Models  of  NR  Trans¬ 
activation 

(A)  AF1  activity  of  NR  NH2-terminal  regions. 
Human  PRB1  -569,  AR1  -503,  GR1  -420,  ERotl  - 
185,  RXRal-134,  PPAR7I-IO8,  RARal-87, 
PXR1-40,  and  VDR1-23  expressed  as  GAL4 
DNA  binding  domain  fusion  proteins  (150  ng/ 
well)  were  assayed  in  HepG2  cells  using 
5xGAL4Luc3. 

(B)  NR  AF2  to  AF1  transition.  The  data  sup¬ 
port  an  evolutionary  transition  from  AF2  to 
AF1  as  the  dominant  activation  function  from 
nonsteroid  NRs  to  steroid  receptors.  Transi¬ 
tion  to  AF1  parallels  expansion  and  sequence 
diversity  of  the  NH2-terminal  region.  We  spec¬ 
ulate  that  the  requirements  for  high-affinity 
hormone  binding  impose  structural  con¬ 
straints  on  AF2  that  limit  evolutionary  diver¬ 
sity  in  gene  regulation.  The  NH2-terminal  re¬ 
gion  expands  in  length  and  functional 
significance  during  steroid  receptor  evolu¬ 
tion.  ER  is  intermediate  between  nonsteroid 
NRs  and  steroid  receptors. 

(C)  Schematic  of  AR  gene  regulation.  AR 
transactivation  is  inhibited  by  loss-of-func- 
tion  mutations  that  cause  the  androgen  in¬ 
sensitivity  syndrome  (AIS).  AR  transactivation 
increases  from  gain-of-function  mutations  in 
prostate  cancer  (PC).  An  AR  mutant  in  pros¬ 
tate  cancer  reverts  to  increased  binding  of 
SRC/pi  60  coactivators  LXXLL  motif. 


c 

AIS  Mutations 


shell.  The  1 2  aromatic  phenyl  carbons  in  FQNLF  present 
a  larger  hydrophobic  contact  surface  than  does  L745 
and  L749  of  TIF2-III.  Conformational  changes  to  AR 
M734  from  F23  and  F27  and  M894  from  L26  widens 
AF2  with  FXXLF  compared  to  LXXLL.  The  gap  distance 
between  M734  and  M894  sulfur  atoms  is  10.4  A  for 
FXXLF,  8.4  A  for  LXXLL,  and  8.9  A  without  peptide  (Fig¬ 
ure  2F).  The  narrower  gap  may  reflect  a  poorer  hy¬ 
drophobic  match  between  TIF2-III  LRYLL  and  AR  AF2 
and  may  also  contribute  to  the  C-terminal  shift  and  lost 
backbone  H  bonds  to  E897.  Steric  hindrance  from  a 
motif  flanking  residue  such  as  L744(A)  could  also  not 
be  inferred  due  to  the  absence  of  electron  density  be¬ 
yond  the  Cp  carbon.  For  the  bound  23FQNLF27,  specific 
enhancement  of  hydrophobic  interactions  may  favor¬ 


ably  position  AR20-30  to  H  bond  with  E897  in  helix  12. 
The  F23  C £  carbon  lies  ~1  A  closer  to  1737  in  the  AF2 
floor  than  the  TIF2-III  L745  C82  methyl  in  the  bound 
745LRYLL749  structure.  This  orientation  provides  exten¬ 
sive  and  improved  nonpolar  contacts  from  F23  to  Q738, 
L26  to  M894  and  V71 3,  and  from  F27  to  M734  and  V730 
in  the  helix  4  ridge. 

Prominent  roles  of  AR  M734,  V730,  and  V71 3  in  FXXLF 
binding  and  recognition  are  supported  by  ligand  dissoci¬ 
ation  studies.  In  the  PR-like  mutant  AR-M734I,  the 
smaller  more  rigid  isoleucine  increases  ligand  dissocia¬ 
tion,  suggesting  important  nonpolar  interactions  be¬ 
tween  M734  and  F27  are  altered.  Faster  ligand  dissocia¬ 
tion  from  the  ER-like  AR  mutant  V730L-M734V  implies 
that  the  larger  rigid  leucine  and  smaller  rigid  valine  at 


(E)  PR  AF2  mutants  bind  AR  FXXLF.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  R5020  used  50  ng/well  GAL-PR-636-933  (PR- 
LBD)  or  mutants  L727V,  L727V-V912I,  I744V-I748M,  or  L727V-I744V-I748M-V91 21  with  50  ng/well  pNLVP16  (VP-0)  or  VP-AR1 -660. 

(F)  GR  AF2  mutants  bind  AR  FXXLF.  Two-hybrid  assays  in  HepG2  cells  with  and  without  10  nM  DEX  used  50  ng/well  GAL-GR486-777  (GR- 
LBD)  or  mutant  G568E-V571 L-I572V-A574V-L589V-L596I  (GR-LBDm6)  with  50  ng/well  VP-0,  VP-AR1-660,  or  VP-AR1  -660-FXXAA. 
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F27  destabilize  FQNLF  interactions  with  AF2.  Slightly 
faster  ligand  dissociation  rates  also  occur  for  PR-like 
mutant  AR-V730I-M734I.  Increased  binding  of  LXXLL  by 
these  AR  mutants  indicates  M734  and  V730  contribute 
to  peptide  recognition. 

The  contribution  of  V730  to  FXXLF  recognition  is  fur¬ 
ther  explained  by  the  small  valine  side  chain  that  accom¬ 
modates  the  bulky  F27,  establishing  good  complemen¬ 
tary  shape  and  distance  separation.  In  contrast,  ER,  PR, 
and  GR  have  the  larger  isoleucine  or  leucine  relative  to 
AR  V730,  preferentially  binding  LXXLL  with  its  smaller 
i+5  leucine.  The  even  larger  methionine  in  the  AR  pros¬ 
tate  cancer  mutant  V730M  improves  LXXLL  binding  but 
does  not  greatly  affect  FXXLF  binding.  The  flexible  me¬ 
thionine  side  chain  may  improve  hydrophobic  interac¬ 
tions  when  presented  with  an  i+5  leucine  from  LXXLL 
or  adapt  to  an  i+5  phenylalanine  from  FXXLF.  From  the 
crystal  structures,  sufficient  space  accommodates  the 
various  conformations  of  a  methionine  side  chain  that 
could  account  for  this  exception.  Mismatching  FXXLF 
to  a  receptor  with  larger,  rigid  isoleucine  or  leucine  could 
also  lead  to  unfavorable  contacts  between  side  chains. 
Reduced  interaction  between  FXXLF  and  AR  V713L  or 
V713I  that  mimic  PR  and  GR  likely  result  from  unfavor¬ 
able  interactions  between  the  i+4  L26  and  the  larger 
mutated  side  chain.  The  data  indicate  AR  M734,  V730, 
and  V713  contribute  to  FXXLF  recognition  and  prefer¬ 
ence  through  optimized  residue  matching  and  comple¬ 
mentary  hydrophobic  shape. 

Other  regions  of  the  LBD  impose  allosteric  effects 
on  coactivator  binding  depending  on  the  bound  ligand 
(Shulman  et  al.,  2004;  Nettles  et  al.,  2004).  AR  favors 
FXXLF  binding  when  bound  to  DFIT  and  LXXLL  with  the 
partial  agonist  androstenedione  (Gregory  et  al.,  2001). 
When  AR  V730  and  M734  are  changed  to  corresponding 
residues  in  PR  and  ER,  AR  binding  of  SRC1  and  TIF2 
increases  in  the  presence  of  high-affinity  agonists.  How¬ 
ever,  transcriptional  activities  of  the  AR  mutants  remain 
weak  compared  to  PR  or  GR.  Activities  of  PR  and  GR 
LBDs  are  greater  than  the  AR  LBD  when  mutated  at 
multiple  sites  to  mimic  the  AR  AF2  surface,  suggesting 
additional  determinants  of  NR  AF2  activity. 

AR  AF2  preferentially  binds  FXXLF  and  other  steroid 
receptors  bind  LXXLL  (Heery  et  al.,  1 997),  but  AF2  bind¬ 
ing  is  not  exclusive  to  a  single  motif.  We  show  that  AR 
binds  coactivator  LXXLL  motifs  with  weaker  affinity  than 
FXXLF  but  can  bind  artificial  LXXLL  peptides  with  higher 
affinity  (Chang  et  al.,  1999).  Mutated  PR  and  GR  AF2 
bind  both  FXXLF  and  LXXLL  motifs.  Adaptability  of  AF2 
is  supported  by  variant  sequences  FXXLL  (Huang  et  al., 
1998)  and  LXXIL  (Li  et  al.,  1999)  that  mediate  coregula¬ 
tors  interactions. 

Evolutionary  Decline  in  AF2  Activity 
Weak  transactivation  by  AR  AF2  (He  et  al.,  1 999)  results 
from  evolving  sequence  changes  that  reduce  LXXLL 
binding.  Concurrently,  AR  FXXLF  evolved  with  the  ex¬ 
panding  NH2-terminal  AF1  and  avidly  binds  AF2,  further 
limiting  coactivator  recruitment  by  competitive  binding 
at  AF2  (He  et  al.,  2001 )  (Figure  6B).  We  show  that  evolving 
sequence  changes  also  decrease  LXXLL  binding  by  PR 
and  GR  AF2,  with  increasing  size  and  functional  impor¬ 
tance  of  AF1  (Sartorius  et  al.,  1994).  Evolutionarily  older 


nonsteroid  NRs  such  as  RXR  and  RAR  also  tend  toward 
NH2-terminal  expansion  and  increased  AF1  activity,  al¬ 
though  AF2  typically  predominates  (Nagpal  et  al.,  1 993). 
ERa  is  evolutionarily  intermediate  between  nonsteroid 
and  steroid  receptors  (Thornton,  2001)  with  intermediate 
NH2-terminal  length  and  cell-type-dependent  AF1  and 
AF2  activities  (Metzger  et  al.,  1992;  Tremblay  et  al., 
1 999).  Orphan  NRs  can  also  have  extensive  NH2-terminal 
regions  with  potent  AF1  activity.  AF1  of  Nurrl  mediates 
strong  autonomous  transactivation  in  various  cells 
(Nordzell  et  al.,  2004),  whereas  transactivation  by  its 
LBD  is  cell-type  dependent  (Castro  et  al.,  1999).  Thus, 
evolving  NH2-terminal  domains  occur  among  liganded 
and  orphan  NRs. 

Sequence  diversity  in  the  NH2-terminal  region  con¬ 
trasts  the  conserved  LBDs,  where  the  structural  con¬ 
straints  of  high-affinity  hormone  binding  limit  the  binding 
surfaces  to  LXXLL  and  FXXLF-like  motifs.  Evolution  of 
AF1  as  the  dominant  activation  domain  can  provide 
unique  interaction  sites  for  tissue  and  species-specific 
coregulators.  Such  diversification  can  increase  specific¬ 
ity  in  gene  regulation  by  AR,  PR,  GR,  and  the  mineralo- 
corticoid  receptor,  which  bind  similar  DNA  response 
elements.  Our  hypothesis  for  an  AF2  to  AF1  switch  in 
dominant  activation  domain  also  allows  for  increased 
diversity  in  gene  regulation  between  receptor  isoforms. 
In  contrast  to  PR-B,  PR-A  is  less  active  and  can  function 
as  a  repressor  through  progesterone  and  estrogen  sig¬ 
naling  pathways,  allowing  progesterone  to  activate  and 
repress  gene  transcription  through  separate  isoforms 
of  the  same  receptor.  In  this  case,  the  PR  LBD  functions 
more  like  a  regulatory  domain  than  a  transactivation 
domain. 

The  hormone  requirement  for  AR  and  GR  DNA  binding 
may  minimize  inappropriate  gene  activity  by  the  evolving 
AF1  .This  contrasts  nonsteroid  NRs  for  vitamin  D,  thyroid 
hormone,  and  retinoic  acid  that  have  weaker  AF1  activ¬ 
ity,  and  in  the  absence  of  hormone,  bind  DNA  and  recruit 
corepressors  to  actively  repress  transcription.  Seques¬ 
tering  steroid  receptors  by  heat  shock  proteins  further 
minimizes  inadvertent  gene  activation  by  AF1  in  the  ab¬ 
sence  of  hormone.  For  ERa  in  the  absence  of  hormone, 
an  NH2-terminal  A  domain  LLXXI  helix  competes  with 
the  corepressor  for  a  hydrophobic  cleft  in  the  LBD  to 
maintain  ERa  in  an  inactive  state  (Metivier  et  al.,  2002). 

Selective  Advantage  in  Prostate  Cancer 
Increased  AR  activity  in  prostate  cancer  is  associated 
with  increased  levels  of  AR  (Visakorpi  et  al.,  1995)  and 
SRC/pi  60  coactivators,  and  autocrine  signaling  (Greg¬ 
ory  et  al.,  2004).  Functional  AR  mutations  tend  to  appear 
after  antiandrogen  or  androgen  withdrawal  therapy  (Gel- 
mann,  2002)  and  contrast  loss-of-function  mutations 
that  cause  androgen  insensitivity  (Quigley  et  al.,  1995) 
(Figure  6C).  AR  transactivation  is  typically  retained  in 
prostate  cancer  and  for  some  mutants,  transactivation 
increases  with  different  steroids  (Culig  et  al.,  1993;  Pe- 
terziel  et  al.,  1995;  Tan  et  al.,  1997). 

Here  we  link  an  AR  somatic  prostate  cancer  mutation 
to  increased  LXXLL  motif  binding  and  SRC  coactivator 
recruitment.  AR-V730M  retains  high-affinity  binding  of 
DHT  and  increased  transcriptional  activity  by  adrenal 
androgens  (Newmark  et  al.,  1992;  Culig  et  al.,  1993; 
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Peterziel  et  al.,  1 995)  (data  not  shown).  V730M  increases 
LXXLL  binding  without  reducing  FXXLF  binding  and  could 
impact  early  and  late  stage  cancer.  Increased  coactivator 
recruitment  by  a  somatic  mutation  is  a  mechanism  for 
aberrant  gene  regulation  that  could  provide  a  selective 
growth  advantage  to  prostate  cancer  cell  survival. 

Experimental  Procedures 

Protein  Preparation 

NH2-terminal  6xHis-tagged  human  AR  LBD  residues  663-919  with 
a  thrombin  protease  site  was  expressed  from  pET15b  in  E.  coli 
BI21 DE3.  Cells  were  grown  overnight  at  17°C  in  nutrient-rich  media 
amended  with  5  fxM  R1881  and  1  mM  isopropyl-thiogalactopyrano- 
side.  Overnight  thrombin  digestion  (5  NIH  units/mg  protein)  at  4°C 
was  performed  on  pooled,  immobilized  metal  affinity  chromatogra¬ 
phy-purified  fractions  prior  to  cation  exchange  and  gel  filtration 
chromatography.  The  dilute  binary  complex  in  25  mM  HEPES  (pH 
7.5),  0.5  M  NaCI,  5  mM  DTT,  0.5  mM  EDTA,  0.05%  p-n-octogluco- 
side,  10%  glycerol,  and  10  |xM  R1881  was  used  or  amended  with 
2-  to  3-fold  molar  excess  of  AR  20-30  peptide  RGAFQNLFQSV  (He 
et  al.,  2002b).  The  dilute  binary  complex  dissolved  in  25  mM  HEPES 
(pH  7.5),  0.15  M  Li2S04,  10  mM  DTT,  0.5  mM  EDTA,  0.05% 
(3-n-octoglucoside,  10%  glycerol,  and  10  |xM  R1881  was  amended 
with  2-  to  3-fold  molar  excess  of  TIF2-740-753  LXXLL-III  peptide 
KENALLRYLLDKDD  (Voegel  et  al.,  1998).  Samples  were  filtered  and 
concentrated  to  2-3  mg/ml  prior  to  crystallization. 

Crystallization  and  Data  Collection 

All  crystals  grew  at  20°C  to  M50  (jlM  in  2  weeks  by  vapor  diffusion 
using  a  1 :1  (v/v)  ratio  of  complex  to  well  solution.  Well  solution  for 
AR  LBD-R1881  with  and  without  AR  20-30  contained  100  mM  Bis- 
Tris  propane  (pH  7.5  or  8.5),  with  a  0.6-1 .2  M  gradient  of  lithium 
sulfate.  For  TIF2-III  740-753  complexes,  a  solution  containing  100 
mM  Bis-Tris  propane  (pH  7.9)  and  0.6  M  Na/K  tartrate  was  used. 
Well  solutions  with  20%  glycerol  were  used  to  transiently  mix  the 
crystals  prior  to  flash  freezing  in  liquid  N2.  X-ray  diffraction  data 
were  collected  at  -180°C  with  a  MAR-345  detector  on  a  Rigaku 
RU-H-2R-200  generator,  an  ADSC  210  detector  at  the  IMCA-CAT, 
sector  17ID  or  MARCCD  at  sector  32ID  at  the  Advanced  Photon 
Source.  The  observed  reflections  were  processed  with  the  HKL2000 
package  (Otwinowski  and  Minor,  1997). 

Structure  Determination  and  Refinement 

The  AR-DHT  structure  (Sack  et  al.,  2001)  (access  code  1 137)  yielded 
a  convincing  AMoRe  (Navaza,  2001 )  molecular  replacement  solution 
with  one  AR  LBD  complex  in  the  asymmetric  unit.  Multiple  cycles 
of  manual  model  building  were  completed  with  QUANTA  (Accelrys, 
Inc.)  and  refined  with  CNX  (Accelrys,  Inc.)  (Brunger,  et  al.,  1998). 
Initial  AR-R1881  and  AR-R1881-TIF2  structures  were  determined 
from  the  final  AR-R1 881  -AR  20-30  LBD  structure,  followed  by  itera¬ 
tive  building  and  refinement  with  CNX.  Table  1  summarizes  the 
crystallographic  and  structure  refinement  statistics.  Superimposi¬ 
tions  were  performed  using  the  homology  modeling  package  in 
Insight  (Accelrys,  Inc.).  Figures  1  and  2C-2F  were  generated  with 
PyMol  from  Delano  Scientific  (www.pymol.org). 

Cell  Transfections  and  Biochemical  Measurements 
Peptide  binding  affinities  were  determined  by  fluorescence  polariza¬ 
tion  (Stanley  et  al.,  2003)  using  40  |xM  R1881  and  17p-estradiol  and 
10  nM  AR  20-30  (f luorescein-RGAFQN LFQSV)  and  TIF2-III  740-751 
(fluoroscein-KENALLRYLLDK).  GAL4-DNA  binding  domain  and 
VP16  activation  domain  fusion  peptides  were  prepared  (He  et  al., 
2002b).  AR  transcriptional  activity  and  two-hybrid  interaction  assays 
were  by  transfection  of  HepG2  and  HeLa  cells  in  12  well  tissue 
culture  plates  using  Effectene  (Qiagen).  MMTV-Luc,  PSA-Enh-Luc 
(Huang  et  al.,  1 999),  and  p21  -Luc  (Lu  et  al.,  1 999)  were  used  at  0.25 
ixg/well  and  5xGAL4Luc3  at  0.1  |xg/well  (He  and  Wilson,  2003).  Cells 
were  incubated  with  and  without  hormones  for  24  hr  at  37°C  and 
luciferase  activity  measured  (He  et  al.,  2001).  GST  fusion  proteins 
and  35S-methionine  in  vitro  translated  AR  LBD  (pcDNA3-HA-AR624- 
919)  were  analyzed  (He  et  al.,  2002a).  Apparent  equilibrium  binding 


and  dissociation  rate  studies  of  [3H]R1881  were  determined  after 
transient  expression  in  COS  cells  (He  et  al.,  2001). 
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Gene  activation  by  steroid  hormone  receptors  involves  the  recruitment  of  the  steroid  receptor  coactivator 
(SRC)/pl60  coactivator  LXXLL  motifs  to  activation  function  2  (AF2)  in  the  ligand  binding  domain.  For  the 
androgen  receptor  (AR),  AF2  also  serves  as  the  interaction  site  for  the  AR  NH2-terminal  FXXLF  motif  in  the 
androgen-dependent  NH2-terminal  and  carboxyl-terminal  (N/C)  interaction.  The  relative  importance  of  the  AR 
AF2  site  has  been  unclear,  since  the  AR  FXXLF  motif  interferes  with  coactivator  recruitment  by  competitive 
inhibition  of  LXXLL  motif  binding.  In  this  report,  we  identified  the  X  chromosome-linked  melanoma  antigen 
gene  product  MAGE-11  as  an  AR  coregulator  that  specifically  binds  the  AR  NH2-terminal  FXXLF  motif. 
Binding  of  MAGE-11  to  the  AR  FXXLF  a-helical  region  stabilizes  the  ligand-free  AR  and,  in  the  presence  of 
an  agonist,  increases  exposure  of  AF2  to  the  recruitment  and  activation  by  the  SRC/pl60  coactivators. 
Intracellular  association  between  AR  and  MAGE-11  is  supported  by  their  coimmunoprecipitation  and  colo¬ 
calization  in  the  absence  and  presence  of  hormone  and  by  competitive  inhibition  of  the  N/C  interaction.  AR 
transactivation  increases  in  response  to  MAGE-11  and  the  SRC/pl60  coactivators  through  mechanisms  that 
include  but  are  not  limited  to  the  AF2  site.  MAGE-11  is  expressed  in  androgen-dependent  tissues  and  in 
prostate  cancer  cell  lines.  The  results  suggest  MAGE-11  is  a  unique  AR  coregulator  that  increases  AR  activity 
by  modulating  the  AR  interdomain  interaction. 


The  androgen  receptor  (AR)  is  a  member  of  the  steroid 
receptor  subfamily  of  nuclear  receptors.  Like  other  steroid 
receptors,  AR  has  multiple  domains  involved  in  ligand  and 
DNA  binding  and  transcriptional  activation.  Recently,  several 
unique  properties  of  AR  that  distinguish  it  from  other  steroid 
receptors  have  gained  attention.  High-affinity  androgen  bind¬ 
ing  stabilizes  AR  (26),  which  is  in  contrast  to  most  steroid 
receptors  that  are  down  regulated  by  agonist  binding.  Agonist- 
induced  AR  stabilization  results  in  part  from  the  NH2-terminal 
and  carboxyl-terminal  (N/C)  interdomain  interaction  mediated 
by  the  androgen-dependent  interaction  between  the  AR  NH2- 
terminal  FXXLF  motif  and  activation  function  2  (AF2)  in  the 
ligand  binding  domain  (16, 17).  The  FXXLF  motif  23FQNLF27 
is  part  of  an  amphipathic  a-helical  region  that  is  similar  in 
structure  to  the  LXXLL  motifs  of  the  steroid  receptor  coacti¬ 
vator  (SRC)/pl60  family  of  coactivators.  The  AR  FXXLF  mo¬ 
tif  is  highly  conserved  among  vertebrates,  supporting  its  func¬ 
tional  importance  across  species  (13,  18).  Recent  cocrystal 
structures  and  binding  studies  have  confirmed  preferential 
binding  of  the  FXXLF  motif  to  the  AR  AF2  site  and  adapt¬ 
ability  of  AF2  to  coactivator  LXXLL  motif  binding  through  an 
induced-fit  mechanism  (15,  22).  FXXLF  motif  binding  to  AF2 
requires  binding  of  ligands  that  display  agonist  activity  in  vivo 
(27).  In  transient  transfection  reporter  gene  assays,  the  N/C 
interaction  is  required  for  the  activation  of  some,  but  not  all, 
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androgen-regulated  genes  (2, 18).  One  consequence  of  the  AR 
interdomain  interaction  is  inhibition  of  recruitment  of  the 
SRC/pl60  family  of  coactivators  by  competitive  binding  of 
FXXLF  at  the  coactivator  LXXLL  motif  binding  site  in  AF2 
(14).  AR  activation  by  the  SRC/pl60  family  of  coactivators  is 
reduced  by  the  interdomain  interaction  and  by  sequence 
changes  in  AF2  during  evolution  that  favor  FXXLF  over 
LXXLL  motif  binding  (15,  20). 

Preference  for  FXXLF  binding  by  AF2  but  adaptability  to 
coactivator  LXXLL  motif  binding  brings  into  question  the  role 
of  the  SRC/pl60  family  of  coactivators  in  AR  functional  activ¬ 
ity.  The  level  of  transcriptional  intermediary  factor  2  (TIF2) 
(also  known  as  SRC2  or  glucocorticoid  receptor  [GR]  inter¬ 
acting  protein  1  [GRIP1])  is  low  in  normal  prostate  epithelial 
cells  (9).  In  contrast,  a  majority  of  advanced  prostate  cancers 
that  recur  after  androgen  deprivation  therapy  can  have  in¬ 
creased  levels  of  SRC1  and  TIF2  (SRC2  or  GRIP1)  (10), 
suggesting  that  these  coactivators  have  an  important  role  in 
AR  action  that  contributes  to  prostate  tumor  development  and 
progression  (1,  8).  Increased  expression  of  the  SRC1  and  TIF2 
coactivators  increases  AR  transactivation  at  gene  promoters  in 
transient  transfection  assays,  even  when  the  promoter  depends 
on  the  AR  N/C  interaction  for  maximal  activation  (18).  This  is 
attributed  to  overall  conservation  of  the  AR  AF2  binding  site 
that  allows  coactivator  LXXLL  motif  binding,  albeit  with  lower 
affinity  than  for  the  FXXLF  motif  (15,  20). 

These  observations  led  us  to  postulate  the  existence  of  an 
AR  coregulator  that  binds  the  AR  FXXLF  motif  that  would 
expose  the  AF2  site  for  coactivator  binding.  In  this  report,  we 
made  use  of  the  AR  NH2-terminal  FXXLF  peptide  as  bait  in 
a  Saccharomyces  cerevisiae  two-hybrid  screen  of  a  human  testis 
library  to  identify  the  melanoma  antigen  gene  product 
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MAGE- 11  as  a  novel  AR  coregulator.  MAGE- 11  competes  for 
the  androgen-induced  AR  N/C  interaction  by  specifically  bind¬ 
ing  the  AR  FXXLF  motif  and  relieves  inhibition  at  AF2. 

MATERIALS  AND  METHODS 

Plasmids.  Expression  vectors  previously  described  include  pCMVhAR  (31); 
pCMVhARl-660  (42);  pCMVhAR-FXXAA  (14);  GAL-AR1-503  (30);  VP- 
AR1-660;  VP-AR1-660FXXAA  (17);  GAL-AR20-30,  GAL-AR20-36,  GAL- 
AR16-30  and  GAL-AR16-36  (20);  pcDNA3HA-AR624-919  (17,  18);  pCM- 
VhAR-C576A;  pCMVhAR-R617M-K618M-K632M-R633M  (ARm4)  (52); 
pSG5-TIF2  (47);  and  the  thyroid  hormone  receptor  activator  molecule  expres¬ 
sion  vector  pSG5-TRAMl  (44).  pCMVhAR 1-660FXXAA  was  prepared  by  di¬ 
gestion  of  pCMVhAR-FXXAA  with  Tthlll  and  Xbal  and  blunt  ending  and 
religating  the  plasmid.  GAL-AR16-36  mutants  were  described  previously  (20)  or 
were  prepared  by  cloning  annealed  complementary  oligonucleotides  into 
pGALO,  which  expresses  S.  cerevisiae  GAL4  DNA  binding  domain  residues  1  to 
147.  pCMV5-Flag-hAR  was  constructed  by  cloning  a  PCR-amplified  Bglll-  and 
AflII-digested  AR  NH2-terminal  fragment  containing  the  Flag  tag  sequence 
DYKDDDDK,  following  the  first  methionine  into  pCMVhAR  digested  with  the 
same  enzymes.  GR-FXXLF  and  GR-FXXAA  contain  human  AR  residues  1  to 
132  with  the  wild-type  and  mutant  FXXLF  motif  expressed  as  a  fusion  protein 
with  human  GR  residues  132  to  777  in  pCMV5.  They  were  constructed  by 
cloning  the  PCR-amplified  AR  NH2-terminal  region  into  the  Kpnl  and  Sail  sites 
of  pCMV5hGR.  pCMVhGRl-550  was  prepared  by  inserting  a  Kpnl-  and 
BamHI-digested  human  GR  fragment  into  the  same  sites  of  pCMV5.  p5mPRB- 

I- 688  was  prepared  by  digestion  of  p5mPRB  with  Bell  and  Bglll,  religation  of  the 
vector,  and  expansion  of  the  isolated  clone  in  SCSI  10  cells  to  avoid  methylation 
that  interferes  with  the  Bell  restriction  site.  GAL-AR4-52  and  GAL-AR4- 
52FXXAA  were  constructed  by  digestion  of  pGBT8-AR4-52  with  EcoRI  and 
BamHI  and  ligating  the  fragment  into  pGALO  digested  with  the  same  enzymes. 
GST-AR4-52  and  GST-AR4-52FXXAA  were  constructed  by  PCR  amplification 
of  pGBT8-AR4-52  with  primers  with  EcoRI  and  Xhol  ends  and  cloning  of  the 
fragment  into  these  sites  in  pGEX-4T-l. 

The  parent  yeast  bait  vector  pGBT8  was  kindly  provided  by  Yue  Xiong, 
University  of  North  Carolina  at  Chapel  Hill.  Wild-type  bait  vector  pGBT8- 
AR4-52  and  the  FXXAA  mutant  containing  the  AR  NH2-terminal  sequences 
23FQNLF27  and  23FQNAA27  were  constructed  by  PCR  amplification  of  the 
region  spanning  amino  acids  4  to  52  of  pCMVhAR  and  pCMVhAR-FXXAA 
and  cloning  the  fragments  into  the  EcoRI  and  BamHI  sites  of  pGBT8.  pACT2- 
MAGE-11  was  rescued  from  a  positive  yeast  clone  identified  by  two-hybrid 
screening  of  an  amplified  human  testis  library.  Sequencing  revealed  a  TGA  stop 
codon  between  the  GAL4  activation  domain  and  the  MAGE- 11  coding  regions. 
Translation  read-through  can  occur  in  yeast  (45)  to  produce  the  GAL-AD- 
MAGE-11  fusion  protein.  For  expression  in  mammalian  assays,  MAGE-11 
clones  were  constructed  to  begin  at  the  first  ATG  of  the  coding  region  for  the 
429-amino-acid  full-length  protein  or  at  the  second  codon  for  the  fusion  proteins. 

GAL-MAGE- 11  containing  full-length  MAGE- 11  residues  2  to  429  and  partial 
form  GAL-MAGE-1 1-1 12-429  (GAL-MAGE-1 1-1 12-429)  were  constructed  by 
PCR  amplification  of  pACT2-MAGE-ll  with  primers  with  EcoRI  and  Xhol 
ends.  The  fragment  was  cloned  into  the  EcoRI  and  Sail  sites  of  pGALO.  VP- 
MAGE-11  containing  full-length  MAGE- 11  residues  2  to  429  and  VP-M AGE- 

II- 112-429  (VP-MAGE-11-112-429)  were  constructed  by  the  same  strategy. 
GAL-MAGE- 11  fragments  were  constructed  by  PCR  amplification  of  GAL- 
MAGE- 11  and  cloning  the  fragments  into  pGALO.  MAGE- 11  fragments  were 
amplified  with  EcoRI-  and  Sail-ended  primers  (for  GAL-MAGE- 11 -2-252,  -2- 
362,  -112-252,  -112-362,  and  -222-362)  or  EcoRI-  and  Xhol-ended  primers  (for 
GAL-MAGE- 11-222-429)  and  cloned  into  pGALO  digested  with  EcoRI  and  Sail. 
For  GAL- MAGE-1 1-332-429,  primer  ends  and  cloning  sites  were  EcoRI  and 
Sacl.  For  GAL- MAGE-1 1-2-121,  GAL-MAGE-11  was  digested  with  Bsu36I  and 
Clal,  blunt  ended  with  the  Klenow  fragment  of  DNA  polymerase  I,  and  self 
ligated. 

pSG5-MAGE-ll  encoding  full-length  MAGE- 11  amino  acid  residues  1  to  429 
was  constructed  by  digestion  of  pACT2-MAGE-ll  with  EcoRI  and  Bglll.  The 
fragment  was  cloned  into  pSG5  digested  with  the  same  enzymes.  pSG5-MAGE- 
11-111-429  was  constructed  by  digestion  of  pSG5-MAGE-ll  with  EcoRI  and 
PshAI.  The  vector  was  blunt  ended  with  the  Klenow  fragment  of  DNA  polymer¬ 
ase  I  and  self  ligated.  pCMV-Flag-MAGE-11  encoding  full-length  MAGE- 11 
was  constructed  by  digestion  of  GAL-MAGE- 11  with  EcoRI  and  Clal  and 
ligation  of  the  fragment  into  pCMV-Flagb  (provided  by  Yi  Zhang  and  Qin  Feng, 
University  of  North  Carolina  at  Chapel  Hill)  digested  with  the  same  enzymes. 
DNA  sequences  were  verified  for  all  PCR-amplified  regions. 


Yeast  two-hybrid  screen.  A  two-hybrid  screen  of  an  amplified  human  testis 
library  was  performed  with  YEASTMAKER  Transformation  System  2  (Clon- 
tech)  as  previously  described  (13).  Yeast  strain  HF7c  was  transformed  with 
pGBT8-AR4-52  and  plated  on  synthetic  medium  lacking  Trp.  The  yeast  clone 
expressing  the  pGBT8-AR4-52  bait  vector  was  transformed  with  50  |xg  of  am¬ 
plified  human  testis  MATCHMAKER  cDNA  library  (BD  Clontech)  and  plated 
on  25  15-cm  dishes  containing  synthetic  medium  minus  Leu,  Trp,  and  His.  Over 
a  period  of  9  days,  colonies  were  scored  according  to  their  time  of  appearance 
and  were  transferred  to  plates  containing  synthetic  medium  lacking  Leu,  Trp, 
and  His.  Clones  were  retested  by  a  two-hybrid  interaction  (3-galactosidase  filter 
assay  (Clontech)  by  transference  to  a  Whatman  no.  5  filter,  followed  by  immer¬ 
sion  in  liquid  N2  and  thawing  at  room  temperature  for  5  min.  Freshly  prepared 
Z  buffer  containing  60  mM  Na2HP04,  40  mM  NaH2P04,  10  mM  KC1,  1  mM 
MgS04  (pH  7.0),  50  mM  2-mercaptoethanol  and  33  mg  of  5-bromo-4-chloro-3- 
indolyl-(3-D-galactoside  (X-Gal)  per  ml  was  added  to  the  filters  and  incubated  at 
room  temperature  to  score  blue  colonies  after  2  h  to  overnight.  Plasmids  from 
the  positive  yeast  colonies  in  the  (3-galactosidase  filter  assay  were  rescued.  Col¬ 
onies  that  grew  in  synthetic  medium  lacking  Leu  gradually  lost  the  bait  vector  but 
not  the  library  plasmids.  The  library  vector  was  purified  with  a  YEASTMAKER 
yeast  plasmid  isolation  kit  (catalogue  number  K1611-1). 

Cell  transfections.  Human  hepatocellular  carcinoma  HepG2  cells  (American 
Type  Culture  Collection)  were  cultured  and  transfected  with  Effectene  reagent 
(QLAGEN)  as  previously  described  (13).  Typically,  transfections  were  performed 
in  12-well  tissue  culture  plates  containing  2  X  105  HepG2  cells/well,  0.1  jxg  of 
5XGAL4Luc3  reporter  vector,  and  50  ng  of  the  GAL4  and  VP  16  expression 
vectors  or  5  ng  of  pCMVhAR.  To  determine  the  effect  of  MAGE- 11  on  AR 
transactivation,  monkey  kidney  CV1  cells  (4.2  X  105  cells/6-cm  dish)  were  trans¬ 
fected  with  calcium  phosphate  (14).  The  (prostate-specific  antigen)  PSA-Enh- 
Luc  (PSA-Luc)  reporter,  provided  by  Michael  Carey  (University  of  California  at 
Los  Angeles),  contains  the  PSA  upstream  enhancer  region  (21).  Probasin  (—244 
to  —  96)3-Luc  was  provided  by  Robert  Matusik  (Vanderbilt  University)  and 
contains  three  copies  of  the  rat  probasin  promoter  region.  Luciferase  activity  was 
determined  48  h  after  the  addition  of  hormone  by  harvesting  cells  in  lysis  buffer 
containing  1%  Triton  X-100,  2  mM  EDTA,  and  25  mM  Tris  phosphate  (pH  7.8) 
(14).  Luciferase  light  units  were  assayed  with  a  LumiStar  Galaxy  multiplate 
reader  luminometer  (BMG  Labtechnologies).  Transfection  data  shown  are  rep¬ 
resentative  of  at  least  three  independent  experiments. 

Ligand  dissociation  assays.  Ligand  dissociation  rate  studies  were  performed 
with  COS  cells  (4  X  105  cells/well  of  6-well  culture  plates)  transfected  with 
DEAE-dextran  (19)  with  1  |xg  of  pCMVhAR/well  with  or  without  1  (jug  of 
pSG5-MAGE-ll  or  pSG5-MAGE-l  1-1 11-429/well.  At  48  h  after  transfection, 
cells  were  incubated  with  5  or  10  nM  3H-labeled  R1881  (82  Ci/mmol; 
PerkinElmer  Life  Sciences)  for  2.5  h  at  37°C,  followed  by  the  addition  of  50  p,M 
unlabeled  R1881.  At  increasing  time  intervals  at  37°C,  cells  were  washed  and 
harvested  in  sodium  dodecyl  sulfate  (SDS)-containing  buffer,  and  radioactivity 
remaining  with  the  cells  was  determined  by  scintillation  counting.  At  least  three 
independent  experiments  were  performed  to  determine  the  mean  and  standard 
deviation  of  the  half-time  of  dissociation. 

GST  affinity  matrix  binding  assays.  In  vitro  protein  interaction  assays  were 
performed  by  expressing  glutathione  S-transferase  (GST)-AR4-52  and  GST- 
AR4-52-FXXAA  in  BL21  Escherichia  coli  cells  treated  with  1  mM  isopropyl-1- 
thio-(3-D-galactoside  as  previously  described  (13,  17).  GST-AR  fusion  proteins 
were  extracted  in  0.1  M  NaCl,  1  mM  EDTA,  0.5%  NP-40,  1  mM  phenylmeth- 
ylsulfonyl  floride,  1  mM  dithiothrietol,  and  20  mM  Tris-HCl  (pH  8.0)  and 
incubated  with  glutathione  agarose  beads  (Amersham  Biosciences).  In  vitro 
translation  was  performed  in  the  presence  of  4  |xCi  of  [35S]methionine  (Perkin¬ 
Elmer  Life  Sciences)  for  pcDNA3HA-AR624-919  and  8  (xCi  of  [35S]methionine 
for  pSG5-MAGE-ll  with  the  TNT  T7  Quick  Coupled  transcription-translation 
system  (Promega).  Washed  beads  were  extracted  with  SDS  buffer.  Input  lanes 
contained  5  or  10%  of  the  binding  reaction  mixtures  as  indicated.  The  data 
shown  are  representative  of  three  independent  experiments. 

Immunochemical  methods.  For  coimmunoprecipitation  and  immunoblot  ex¬ 
periments,  COS  cells  (2  X  106  cells/10-cm  dish)  were  transfected  with  DEAE- 
dextran  (14)  with  the  indicated  amounts  of  wild-type  and  mutant  pCMVhAR, 
pCMV-Flag-AR,  pCMV-Flag-MAGE-11,  pSG5-MAGE-ll,  pSG5-TIF2,  or 
GAL-AR  peptide  vectors.  Cells  were  incubated  with  and  without  hormone  for 
24  h  in  medium  containing  10%  charcoal-stripped  fetal  calf  serum  (Gemini  or 
HyClone).  Cells  were  harvested  in  phosphate-buffered  saline.  For  immunopre- 
cipitations,  cells  were  incubated  for  30  min  at  4°C  in,  per  10-cm  dish,  0.5  to  1  ml 
of  lysis  buffer  containing  0.15  M  NaCl,  0.5%  NP-40,  50  mM  NaF,  and  50  mM 
Tris-HCl  (pH  7.5)  plus  1  mM  phenylmethylsulfonyl  fluoride  and  protease  inhib¬ 
itor  cocktail  (Roche)  in  the  absence  and  presence  of  hormone.  For  immunoblot 
analysis,  the  radioimmunoprecipitation  assay  extraction  buffer  contained  1% 
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Triton  X-100, 1%  deoxycholate,  0.1%  SDS,  0.15  M  NaCl,  0.5  mM  EDTA,  50  mM 
Tris-HCl  (pH  7.4),  and  1  mM  phenylmethylsulfonyl  fluoride  and  protease  inhib¬ 
itor  cocktail  (Roche).  After  centrifugation  for  30  min  at  14,000  X  g,  protein 
concentration  was  determined  (Bio-Rad).  For  coimmunoprecipitation,  samples 
were  precleared  with  100  pi  of  agarose  (Sigma)  and  incubated  for  1  h  at  4°C. 
Supernatants  of  a  15-min  13,000  rpm  centrifugation  were  incubated  with  15  pi  of 
anti-Flag  M2  affinity  gel  (catalogue  number  A2220;  Sigma)  for  1  h  at  4°C. 
Agarose  pellets  were  washed  four  times  with  1  ml  of  lysis  buffer  in  the  absence 
and  presence  of  hormone.  Adsorbed  proteins  were  released  in  50  pi  of  4%  SDS, 
20%  glycerol,  0.2%  2-mercaptoethanol,  and  20  mM  Tris-HCl  (pH  6.8)  and 
analyzed  by  immunoblotting.  For  immunoblots  of  cell  extracts,  samples  (10  p,g  of 
protein/lane)  were  separated  on  10%  acrylamide  gels  containing  SDS.  After 
electrophoresis,  gel  proteins  were  electrophoretically  transferred  to  nitrocellu¬ 
lose  membranes,  and  the  blots  were  incubated  with  anti-Flag  M2  monoclonal 
antibody  (1:2,000  dilution,  catalogue  number  F-3165;  Sigma),  anti-TIF2  antibody 
(1:1,000  dilution;  Transduction  Laboratories),  rabbit  AR32  immunoglobulin  G 
(IgG)  polyclonal  antibody  (0.42  p,g/ml),  an  anti-MAGE-11  peptide  antibody 
described  below  (2.9  p,g/ml),  (3-actin  antibody  AC-15  (1:5,000  dilution;  Abeam, 
Inc.),  or  anti-GAL4  DNA  binding  domain  antibody  (1:500  dilution;  Santa  Cruz). 
Immunoreactive  bands  were  visualized  by  chemiluminescence  (SuperSignal 
Western  Dura  Extended  Duration  substrate;  Pierce  Biotechnology,  Inc.,  Rock¬ 
ford,  Ill.). 

Immunocytochemistry  was  performed  in  COS  cells  (1.25  X  106  cells/well  of  12 
plates  with  cover  glass)  or  the  indicated  human  foreskin  fibroblast  or  prostate 
cancer  cell  lines  (13).  Cells  were  transfected  with  Effectene  with  0.2  p,g  of 
wild-type  and  mutant  pCMVhAR  with  and  without  0.2  |xg  of  pCMVFlag- 
MAGE-11  and  treated  for  24  h  at  37°C  with  or  without  10  nM  dihydrotestos¬ 
terone  (DHT).  Prostate  cancer  cell  lines  were  transfected  with  0.2  p,g  of  pCM- 
VFlag-MAGE-11  with  Effectene  and  treated  with  10  nM  DHT.  Cells  were  fixed 
with  paraformaldehyde,  permeabilized  with  Triton  X-100,  blocked  with  bovine 
serum  albumin  (13),  and  incubated  for  1  h  with  primary  antibodies  anti-Flag  M2 
monoclonal  antibody  (1:1,000  dilution;  Sigma)  and  anti-AR  polyclonal  antibody 
ab3510  (1:250  dilution;  Abeam,  Inc.).  Cells  were  incubated  with  secondary  an¬ 
tibodies  Rhodamine  (tetramethyl  rhodamine  isocyanate)-conjugated  AffiniPure 
donkey  anti-mouse  IgG  (1:75  dilution;  Jackson  ImmunoResearch  Laboratories, 
Inc.)  and  fluorescein  isothiocyanate-conjugated  AffiniPure  donkey  anti-rabbit 
IgG  (1:50  dilution;  Jackson  ImmunoResearch  Laboratories,  Inc.).  Slides  were 
viewed  with  a  Zeiss  LSM  210  confocal  microscope  at  an  original  magnification  of 
X63. 

MAGE-11  NH2-terminal  13  to  26  amino  acid  residue  peptide  C13SPA 
SIKRKKKREDS26,  where  C  was  added  to  the  NH2  terminus,  was  predicted  to 
be  antigenic  (Princeton  Biomolecules)  and  was  used  to  raise  a  rabbit  polyclonal 
antibody  (Pocono  Rabbit  Farm  &  Laboratory,  Inc.,  Canadensis,  Pa.).  Immuno- 
reactivity  for  MAGE- 11  was  verified  on  immunoblots  of  extracts  from  COS  cells 
transfected  with  pSG5-MAGE-ll  and  pCMV-Flag-MAGE-11.  The  antibody  was 
purified  by  antigen  affinity  chromatography  with  activated  immunoaffinity  Affi- 
Gel  10  gel  (Bio-Rad).  The  peptide  antigen  was  coupled  to  the  column  in  0.2  M 
ethanolamine  (pH  8.0).  Antiserum  was  incubated  for  2  h  at  4°C  and  the  antibody 
was  eluted  with  0.1  M  glycine  (pH  3.0)  in  0.1  volume  of  1  M  Tris-HCl  (pH  8.0) 
and  used  for  immunoblotting  at  a  concentration  of  2.9  (Jig/ml. 

RNA  amplification.  In  vitro  reverse  transcription  was  performed  according  to 
the  manufacturer  of  Superscript  II  reverse  transcriptase  (Invitrogen  Life  Tech¬ 
nologies)  in  20- (xl  reaction  mixtures  with  2  |xg  of  total  RNA  as  a  template, 
extracted  from  cells  and  tissues  with  Trizol  reagent  (Invitrogen  Life  Technolo¬ 
gies).  The  first  PCR  amplification  of  the  template  was  performed  with  1  (jlI  of  the 
20- (xl  reverse  transcription  product  in  reaction  buffer  containing  1.5  mM  MgCl2 
and  0.1  |xM  forward  (5'-GGAGACTCAGTTCCGCAGAG-3')  and  reverse  (5'- 
TGGGACCACTGTAGTTGTGG-3')  primers  that  amplify  the  coding  region 
spanning  amino  acids  2  to  57  of  MAGE-11.  PCRs  were  performed  for  5  min  at 
95°C,  followed  by  35  cycles  (each  cycle  consisting  of  50  s  at  95°C,  50  s  at  55°C,  and 
50  s  at  72°C),  followed  by  10  min  at  72°C.  A  second  PCR  was  performed  using 
2  |xl  of  the  initial  PCR  product  as  a  template  with  the  same  primers  and  the 
amplification  conditions.  Due  to  a  genomic  intron,  the  resulting  168-zbp  frag¬ 
ment  cannot  be  obtained  from  genomic  DNA. 

Nucleotide  sequence  accession  number.  DNA  and  the  protein  sequence  for 
full-length  MAGE- 11  were  deposited  under  accession  number  AY747607  in 
GenBank. 


RESULTS 

Identification  of  MAGE-11  as  an  AR  NH2-terminal  FXXLF 
motif  interacting  protein.  We  showed  previously  that  the  an¬ 


drogen-dependent  AR  N/C  interaction  between  the  AR  NH2- 
terminal  23FQNLF27  sequence  and  AF2  in  the  ligand  binding 
domain  is  required  for  optimal  activation  of  androgen-respon¬ 
sive  promoter-enhancer  regions  (18).  The  AR  N/C  interaction 
appears  to  promote  selective  gene  activation  through  AF1  in 
the  AR  NH2-terminal  domain.  On  the  other  hand,  the  andro¬ 
gen-induced  AR  N/C  interaction  competitively  inhibits  SRC/ 
pl60  coactivator  binding  to  AF2  (14).  We  therefore  proposed 
that  a  putative  coregulator  may  exist  that  could  bind  the  AR 
NH2-terminal  FXXLF  motif,  relieve  inhibition  at  AF2,  and 
increase  AR  transactivation  by  the  SRC/pl60  coactivators. 

We  performed  a  yeast  two-hybrid  screen  of  a  human  testis 
library  using  the  AR  NH2-terminal  FXXLF  motif  region  as 
bait.  The  strategy  was  based  on  our  previous  observations  that 
screening  with  short  a-helical  regions  from  the  intrinsically 
unstructured  AR  NFI2-terminal  transcriptional  activation  do¬ 
main  is  a  useful  approach  to  identify  interacting  proteins  (13). 
Approximately  5  X  105  yeast  library  clones  were  screened  with 
pGBT8-AR4-52  as  bait,  which  contains  the  AR  NH2-terminal 
FXXLF  motif  sequence.  We  identified  119  positive  clones  that 
grew  on  synthetic  medium  lacking  Leu,  Trp,  and  His.  Two  of 
the  clones  were  positive  by  (3-galactosidase  filter  assays.  One 
clone  encoded  RanBPM,  a  previously  reported  AR-interacting 
protein  (36).  However,  interaction  between  RanBPM  and  AR 
was  not  diminished  by  mutation  of  the  FXXLF  motif,  indicat¬ 
ing  that  binding  to  AR  was  not  FXXLF  motif  specific  (data  not 
shown).  The  second  positive  clone  encoded  the  melanoma 
antigen  gene  family  protein,  MAGE-11.  Binding  of  MAGE- 11 
to  AR4-52  was  abolished  by  an  AR4-52-FXXAA  mutant  in  a 
yeast  two-hybrid  assay  (data  not  shown),  suggesting  a  specific 
interaction  between  MAGE-11  and  the  AR  FXXLF  motif. 

A  BLAST  search  of  the  human  genome  database  confirmed 
that  the  isolated  clone  was  coded  from  the  Xq28  gene  locus  of 
the  MAGE  gene  family  (23,  39)  (Fig.  1A).  The  five  exons 
predict  a  1,837-nucleotide  MAGE-11  mRNA.  Four  of  the  ex¬ 
ons  encode  the  429-amino-acid  full-length  MAGE-11  protein. 
MAGE- 11  has  a  calculated  molecular  mass  of  48  kDa  but,  as 
we  will  show,  an  apparent  molecular  mass  of  70  kDa  on  SDS 
gels.  The  cloning  results  confirm  a  previous  report  of  the  ad¬ 
ditional  upstream  coding  regions  for  the  110  NH2-terminal 
amino  acids  unique  to  MAGE- 11  (23). 

Specific  interaction  between  MAGE-11  and  the  AR  NH2- 
terminal  FXXLF  motif.  We  made  use  of  mammalian  two- 
hybrid  assays  to  demonstrate  a  dependence  of  MAGE- 11  bind¬ 
ing  to  AR  on  the  AR  FXXLF  motif.  The  GAL  DNA  binding 
domain  and  VP16  transactivation  domain  fusion  proteins  were 
expressed  that  contained  full-length  MAGE-11  or  a  previously 
reported  short  form  (24,  39)  that  corresponds  to  MAGE-11- 
112-429.  GAL  and  VP  fusion  proteins  were  created  to  contain 
the  23FQNLF27  amphipathic  a-helical  region  within  increasing 
lengths  of  the  AR  NH2-terminal  region  (Fig.  IB).  A  GAL- 
responsive  luciferase  reporter  vector  was  cotransfected  into 
HepG2  cells,  and  assays  were  performed  in  the  absence  and 
presence  of  10  nM  R1881,  a  synthetic  androgen. 

In  the  absence  of  androgen,  GAL- MAGE- 11  and  GAL- 
MAGE- 11- 112-429  interacted  with  VP-AR1-660  (Fig.  2A). 
The  interaction  depended  on  the  AR  FXXLF  motif,  since  no 
interaction  was  observed  with  VP-AR1-660-FXXAA  contain¬ 
ing  the  23FQNAA27  mutation.  We  also  observed  strong  inter- 
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FIG.  1.  Human  MAGE-11  gene,  mRNA,  and  protein,  and  AR  NH2-terminal  fragments.  (A)  The  MAGE-11  gene  is  carried  on  the  long  arm 
of  the  X  chromosome  at  Xq28  and  includes  five  exons  that  transcribe  into  a  1,837-nucleotide  residue  mRNA.  The  four-exon  open  reading  frame 
(shown  in  black)  translates  to  a  429-amino-acid-residue  MAGE-11  protein  (shown  in  white).  The  AR  interaction  region  is  based  on  data  shown 
in  Fig.  9.  (B)  AR  NH2-terminal  fragments  of  full-length  human  AR1-919  were  expressed  as  GAL  and  VP16  fusion  proteins  in  two-hybrid  assays. 
Each  fragment  contains  the  region  spanning  amino  acids  16  to  36  with  the  FXXLF  interaction  motif  sequence  23FQNLF27  (underlined). 


action  between  VP-MAGE-11  or  VP-MAGE-11-112-429  with 
GAL-AR16-36,  GAL-AR4-52,  and  GAL-AR1-503. 

In  the  presence  of  androgen,  we  observed  an  FXXLF  motif- 
dependent  interaction  between  full-length  AR  and  the  same 
GAL-AR  FXXLF  motif  peptides  and  GAL-MAGE-11  (Fig. 
2B).  The  interaction  of  GAL-AR16-36  or  GAL-AR4-52  with 
AR  in  the  presence  of  androgen  (Fig.  2B)  reflects  the  andro¬ 
gen-dependent  N/C  interaction  between  the  AR  NH2-terminal 
FXXLF  motif  in  the  GAL-AR  fragment  and  AF2  in  the  ligand 
binding  domain  of  full-length  AR  (17).  Note  that  in  this  ex¬ 
perimental  design,  luciferase  activity  in  the  two-hybrid  assay 
requires  androgen  for  the  nuclear  transport  of  full-length  AR 
(20).  This  is  in  contrast  to  the  androgen-independent  interac¬ 
tions  shown  in  Fig.  2A  that  made  use  of  GAL4  and  VP16 
fusion  proteins  of  AR  NH2-terminal  fragments  that  lack  the 
ligand  binding  domain  and  are  in  the  nucleus  independent  of 
androgen  (52).  Expression  of  the  fusion  proteins  was  con¬ 
firmed  by  immunoblot  analysis  (Fig.  3B  and  data  not  shown). 

The  results  demonstrate  that  the  same  AR  NH2-terminal 
FXXLF  motif  region  that  mediates  the  androgen-dependent 


AR  N/C  interaction  also  interacted  with  MAGE-11.  The  data 
confirm  the  yeast  two-hybrid  results  that  MAGE-11  binding  to 
AR  depended  on  the  AR  FXXLF  motif  contained  within  a 
21-amino-acid  residue  region  of  the  AR  NH2-terminal  domain. 

Sequence  requirements  for  FXXLF  motif  binding  to  MAGE- 
11.  The  flanking  sequence  requirements  for  the  AR  FXXLF 
motif  to  bind  MAGE- 11  and  AF2  in  AR  were  found  to  have 
similarities  but  also  striking  differences.  Wild-type  and  mutant 
GAL-AR  peptides  were  coexpressed  in  two-hybrid  assays  in 
HepG2  cells  with  full-length  AR  (Fig.  3A,  left)  and  with  VP- 
MAGE-11  (Fig.  3A,  right)  in  the  presence  of  a  GAL-respon- 
sive  luciferase  reporter.  In  agreement  with  the  data  in  Fig.  2A, 
interaction  of  GAL-AR16-36  with  AR  or  VP-MAGE-11  was 
eliminated  by  the  FXXAA  mutation  in  GAL-AR16-36. 

We  tested  several  shorter  fragments  of  the  FXXLF  motif 
region,  since  we  showed  previously  that  AR20-30  binds  AF2  in 
AR  more  effectively  than  AR16-36.  At  that  time,  we  specu¬ 
lated  that  R31  flanking  FXXLF,  which  is  deleted  in  AR20-30, 
undergoes  electrostatic  repulsion  at  the  positive-charge  clus¬ 
ter-containing  charge  clamp  residue  K720  (20).  We  found  that 
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FIG.  2.  FXXLF  motif  dependence  of  the  AR  and  MAGE- 11  in¬ 
teraction.  Two-hybrid  interaction  assays  were  performed  with  HepG2 
cells  transfected  with  Effectene  with  0.1  pg  of  5XGAL4Luc3/well  in 
12-well  plates  with  (A)  50-ng/well  GAL-MAGE-11,  GAL-MAGE-11- 
112-429  (GAL-MAGE112),  or  the  indicated  GAL-AR  fusion  proteins, 
with  the  VP16  empty  vector  control,  wild-type  or  mutant  VP-AR1-660, 
VP-MAGE-11,  or  VP-MAGE-11-112-429  (VP-MAGE112),  and  (B)  5 
ng  of  pCMVhAR  or  pCMVhAR-FXXAA/well  with  50  ng  of  the  indi¬ 
cated  GAL  vectors/well.  Cells  were  incubated  for  24  h  in  the  absence 
(A)  or  absence  and  presence  (B)  of  10  nM  R1881.  The  FXXAA 
mutation  is  AR  sequence  23FQNLF27  changed  to  23FQNAA27. 


MAGE- 11  did  not  bind  GAL-AR20-30,  GAL-AR20-36,  or 
GAL-AR16-30,  even  though  GAL-AR20-30  and  GAL- 
AR16-30  (Fig.  3A,  top)  interacted  to  a  greater  extent  with  AR 
than  does  GAL-AR16-36,  as  previously  reported  (20). 


We  also  noted  a  number  of  differences  in  the  FXXLF  motif- 
flanking  sequence  in  GAL-AR16-36  required  to  bind  AR  and 
MAGE-11  (Fig.  3 A,  bottom).  Mutations  S29D,  V30E,  R31A, 
R31D,  V33E,  and  I34A  in  GAL-AR16-36  each  increased  bind¬ 
ing  to  AR  AF2,  whereas  these  mutations  eliminated  binding  to 
MAGE-11.  T18A  and  E32A  increased  binding  of  GAL- 
AR16-36  to  both  MAGE-11  and  AR.  S29A  increased 
MAGE-11  binding  but  decreased  AR  binding;  S16D,  K17A, 
T18D,  and  V30A  each  increased  MAGE-11  binding,  with  little 
effect  on  AR  binding.  S16A  increased  binding  to  AR  but  not 
MAGE-11,  and  R20A  and  R20D  were  detrimental  to  both 
interactions.  Expression  levels  of  the  GAL-AR  fusion  proteins 
varied  somewhat,  but  the  differences  did  not  correlate  with  the 
observed  interactions  (Fig.  3). 

The  data  show  that  the  flanking  sequence  of  the  AR  FXXLF 
motif  has  different  requirements  for  binding  MAGE- 11  and 
the  AR  AF2  site.  Optimal  binding  to  MAGE-11  required  the 
extended  21-amino-acid  FXXLF  a-helical  region,  which  is 
nearly  twice  the  length  of  the  minimal  11 -amino-acid  FXXLF 
region  that  optimally  bound  AF2  in  the  AR  N/C  interaction 
(Fig.  3C).  The  data  also  suggest  that  the  MAGE-11  binding 
site  differs  substantially  from  AF2  in  the  AR  ligand  binding 
domain  (15,  22). 

Specificity  of  MAGE-11  binding  to  the  AR  FXXLF  motif.  We 

found  that  MAGE- 11  binding  to  the  AR  NH2-terminal 
FXXLF  motif  is  highly  specific.  FXXLF  motif  sequences  pre¬ 
viously  reported  in  several  putative  AR  coregulators  and 
LXXLL  motif  regions  from  the  SRC/pl60  coactivators  did  not 
interact  with  MAGE- 11  in  two-hybrid  assays  performed  with 
HepG2  cells.  Included  in  the  comparison  were  ARA70/RFG 
(49,  50),  ARA54  (25),  and  ARA55/Hic5  (7,  48),  whose  FXXLF 
motifs  are  required  for  the  androgen-dependent  interaction 
between  these  coregulators  and  the  AR  AF2  site  (19).  No 
interaction  was  found  between  VP-MAGE-11  and  GAL- 
FXXLF  fusion  proteins  containing  ARA70-321-340,  ARA70- 
321-499,  ARA54-447-465,  ARA54-361-474,  ARA55-3 14-333, 
ARA55-427-444,  or  ARA55-251-444  (data  not  shown).  Little 
or  no  interaction  was  detected  between  GAL-MAGE-11  and 
the  LXXLL  motif  regions  from  the  SRC/p  160  coactivator  fam¬ 
ily.  These  included  VP-LXXLL  motif  fusion  proteins  contain¬ 
ing  SRC1-1 139-1441,  SRC1-568-1441,  TIF2-624-1287, 
TRAM1-604-1297,  and  p300-l-133  (data  not  shown). 

The  results  indicate  a  specific  interaction  between 
MAGE-11  and  the  AR  FXXLF  motif.  The  lack  of  an  interac¬ 
tion  between  MAGE- 11  and  other  FXXLF  motifs  from  several 
potentially  relevant  AR  coregulators  supports  our  findings  that 
residues  within  the  extended  a-helical  region  flanking  FXXLF 
establish  specificity  for  MAGE-llbinding. 

In  vitro  interaction  between  AR  and  MAGE-11.  A  direct 
interaction  between  AR  and  MAGE- 11  was  supported  by  in 
vitro  GST  affinity  matrix  binding  assays.  An  interaction  be¬ 
tween  GST-AR4-52  and  35S-labeled  MAGE-11  was  observed 
in  the  absence  of  androgen,  which  was  eliminated  with  GST- 
AR4-52FXXAA  (Fig.  4).  Similarly,  an  FXXLF  motif-depen- 
dent  interaction  was  observed  in  the  presence  of  DHT  between 
GST-AR4-52  and  35S-labeled  AR624-919  containing  the  AR 
ligand  binding  domain.  35S-labeled  MAGE-11  migrates  a  70 
kDa,  and  35S-labeled  AR  ligand  binding  domain  migrates  a  41 
kDa. 


Vol.  25,  2005 


MAGE-11  BINDS  THE  AR  FXXLF  MOTIF  1243 


A 


- 1 - 1 - 1  1 

♦  0 

- 1 

- 1 - 1 - 

1 

1 

+  2(036 

+ 16030 

+  16[H]36 

+  FXXAA 

♦  S16A 
'+  SlfiD 

' 

□ 

+  R2QA 

c 

+  R20D 

t  S2QA 

+  S29D 

+  V30E 

♦  R31A 

'+  V33A 

H - 

+  I34A 

B 


i 


17.5- 


2  3  4  5  6  7  8  9  10  11  12 


kDa 

32.1- 


0  20-  20-  16- 16-  FxA16  16  17  18  18  20 
30  36  30  36  SA  SD  KA  TA  TD  RD 

- GAL-AR - ■  * - GAL-AR1 6-36 - 


13  14  15  16  17  18  19  20  21  22  23  24 


17.5- 


29  29  30  30  31  31  32  33  33  34  WT  FxA 
SA  SD  VA  VE  RA  RD  EA  VA  VE  IA 

.GAL-AR 
-  4-52 


-  GAL-AR16-36  - 


c 

SKTYRGAFQNLFQSVREVIQN 

16  20  23  27  30  33  36 

I _ I 


AF2  binding 


MAGE-11  binding 


FIG.  3.  Differences  in  flanking  sequence  requirements  for  FXXLF  motif  binding  to  AR  and  MAGE-11.  (A)  Two-hybrid  interaction  assays  were 
performed  with  HepG2  cells  as  described  in  the  legend  to  Fig.  2,  except  that  10  ng  of  pCMVhAR  (ARl-919)/well  (left)  or  50  ng  of  VP-MAGE- 
1 1/well  (right)  with  50  ng  of  the  indicated  GAL-AR  vectors/well  was  used.  GAL-AR16-36FXXAA  indicates  the  23FQNAA27  mutation.  Each  of 
the  indicated  amino  acid  changes  was  introduced  into  the  GAL-DNA  binding  domain  fusion  vector  GAL-AR16-36.  (B)  Immunoblots  of  GAL-AR 
peptides  were  performed  using  extracts  from  COS  cells  (2  X  106/10-cm  dish)  transfected  with  10  p,g  of  GAL-AR  peptide  DNA  with  DEAE- 
dextran.  Cells  were  treated  with  1  p,M  MG132  (Sigma),  a  proteasome  inhibitor,  24  and  1  h  prior  to  harvest.  The  GAL4  DNA  binding  domain 
antibody  (1:500  dilution;  Santa  Cruz)  was  used  to  probe  25  p,g  of  total  protein  in  each  lane.  (C)  Diagram  of  the  predicted  amphipathic  a-helical 
AR  NH2-terminal  FXXLF  motif  regions  required  to  interact  with  AF2  in  the  AR  ligand  binding  domain  and  MAGE-11.  The  predicted  ideal 
a-helix  may  be  disrupted  to  the  left  at  G21.  Hydrophobic  residues  F23,  L26,  and  F27  contact  the  hydrophobic  surface  at  AR  AF2  in  the  N/C 
interaction  (15).  These  residues  plus  V30,  V33,  and  134  in  the  extended  helix  are  predicted  to  contact  the  binding  surface  of  MAGE-11. 


Coimmunoprecipitation  of  AR,  MAGE-11  and  TIF2.  We 

found  that  coimmunoprecipitation  of  AR  and  MAGE- 11  is 
selectively  modulated  by  ligand  binding  and  AR  subcellular 
localization  (Fig.  5A  and  B,  top).  AR  transiently  expressed  in 
COS  cells  coimmunoprecipitates  with  Flag-MAGE-11  with  a 
Flag  antibody  when  assayed  in  the  absence  of  DHT  (Fig.  5A, 
lane  4).  Flowever,  the  interaction  between  AR  and  MAGE-11 
was  barely  detectable  in  the  presence  of  10  nM  DHT  (Fig.  5A, 


lane  5,  and  Fig.  5B,  lane  9).  In  the  absence  of  DHT,  the 
interaction  between  AR  and  MAGE-11  was  greatly  diminished 
by  the  AR-FXXAA  mutant  (Fig.  5A,  lane  8).  AR  was  coim- 
munoprecipitated  with  the  Flag  antibody  only  when  Flag- 
MAGE-11  was  expressed,  suggesting  the  absence  of  nonspe¬ 
cific  binding  (Fig.  5A,  top,  lanes  2,  3,  6,  and  7). 

We  tested  a  previously  described  AR  nuclear  transport  mu¬ 
tant,  ARm4,  that  contains  mutations  in  the  AR  bipartite  nu- 
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FIG.  4.  In  vitro  binding  of  AR  and  MAGE-11.  GST  affinity  matrix 
assays  were  performed  with  GST-AR  NH2-terminal  fusion  peptides 
and  35S-labeled  MAGE-11  expressed  from  pSG5-MAGE-ll  (left)  and 
35S-labeled  AR624-919  expressed  from  pcDNA3HA-AR624-919  con¬ 
taining  the  AR  ligand  binding  domain  (right).  GST  empty  vector 
pGEX-4T-l  (GST-AR-0),  GST-AR4-52,  and  GST-AR4-52FXXAA 
were  expressed  in  E.  coli  and  incubated  in  the  presence  of  35S-labeled 
MAGE-11  (lanes  2  to  4),  and  35S-labeled  AR624-919  in  the  presence 
of  0.2  pM  DHT  (lanes  6  to  8).  Input  lanes  contained  5%  of  the  total 
reaction  mixture  for  MAGE-11  (lane  1)  and  10%  of  the  reaction 
mixture  for  AR624-919  (lane  5).  35S-labeled  MAGE-11  (70  kDa)  and 
AR  ligand  binding  domain  fragment  624-919  (41  kDa)  are  indicated 
by  arrows. 


clear  transport  signal.  ARm4  retains  high-affinity  androgen 
binding  but  does  not  translocate  to  the  nucleus  in  the  presence 
of  androgen  (52).  In  contrast  to  wild-type  AR  which  is  nuclear 
in  the  presence  of  DHT,  this  constitutively  cytoplasmic  mutant 
coimmunoprecipitated  with  MAGE-11  in  the  absence  and 
presence  of  DHT  (Fig.  5A,  lanes  12  and  13). 

We  also  found  that  the  stable  association  between  AR  and 
MAGE- 11  persists  in  the  presence  of  ligands  that  promote  AR 
nuclear  localization  but  are  AR  antagonists  or  poor  agonists 
(26).  These  included  50  nM  estradiol,  50  nM  progesterone,  and 
1  pM  hydroxyflutamide  (Fig.  5B,  lanes  10,  11,  and  14).  How¬ 
ever,  like  DHT  (10  nM),  the  stable  association  between  AR 
and  MAGE-11  was  reduced  in  the  presence  of  50  nM  andro- 
stenedione  and  50  nM  medroxyprogesterone  acetate  (MPA) 
(Fig.  5B,  lanes  12  and  13).  Coimmunoprecipitation  of  AR  with 
Flag-MAGE-11  was  indicative  of  a  specific  interaction,  since 
AR  was  not  detected  when  MAGE-11  was  not  expressed  (Fig. 
5B,  lanes  1  to  7). 

The  coimmunoprecipitation  results  suggest  that  MAGE-11 
stably  interacts  in  the  cytoplasm  with  the  ligand-free  AR  and  in 
the  nucleus  when  AR  is  bound  to  an  antagonist  or  poor  ago¬ 
nist.  In  the  presence  of  stronger  agonists,  the  AR  and 
MAGE-11  interaction  becomes  more  transient.  The  effective¬ 
ness  of  androstenedione  and  MPA  in  disrupting  the  interaction 
with  MAGE- 11  was  attributed  in  part  to  the  high  ligand  con¬ 
centrations.  The  persistent  interaction  of  MAGE-11  with  the 
constitutively  cytoplasmic  AR  raised  the  possibility  that  both 
agonist  binding  and  AR  nuclear  transport  are  required  to  de¬ 
stabilize  the  AR  and  MAGE-11  interaction. 

To  investigate  whether  MAGE-11  influences  the  interaction 
between  AR  and  the  pl60  coactivator  TIF2  and  whether 
MAGE-11,  AR,  and  TIF2  form  an  intracellular  complex,  we 
performed  coimmunoprecipitation  studies  using  Flag-AR  (Fig. 


5C).  The  70-kDa  MAGE-11  protein  was  detected  with  an 
antibody  raised  against  the  MAGE-11  NH2-terminal  peptide 
C13SPASIKRKKKREDS26,  a  sequence  specific  to  MAGE-11. 
We  noted  an  increase  in  TIF2  levels  in  cell  extracts  with  the 
coexpression  of  AR  in  the  presence  of  10  nM  DHT.  In  the  Flag 
antibody  immunoprecipitates,  an  association  between  AR  and 
TIF2  was  evident  in  the  presence  of  DHT  (Fig.  5C,  lanes  3  and 
4).  We  found  that  the  AR  and  TIF2  interaction  increased  with 
coexpression  of  MAGE- 11  in  the  absence  and  presence  of 
androgen  (Fig.  5C,  lanes  7  and  8).  Neither  MAGE-11  nor  TIF2 
was  detected  in  the  immunoprecipitates  in  the  absence  of  co¬ 
expressed  Flag-AR  (Fig.  5C,  lanes  9  and  10).  The  results  sug¬ 
gest  that  binding  of  MAGE-11  to  AR  increases  the  interaction 
between  AR  and  TIF2. 

MAGE-11  influences  AR  steady-state  levels.  Immunoblots 
of  cell  lysates  from  the  immunoprecipitation  studies  shown  in 
Fig.  5  show  the  expected  androgen-induced  increase  in  AR  in 
the  presence  of  10  nM  DHT.  AR  stabilization  by  DHT  results 
from  the  AR  N/C  interaction  (14),  as  evidenced  by  the  lack  of 
an  increase  with  AR-FXXAA  (Fig.  5A,  lanes  6  and  7).  We 
found  that  coexpression  of  MAGE- 11  interferes  with  DHT- 
induced  AR  stabilization,  since  AR  levels  declined  (Fig.  5B, 
lanes  8  and  9).  MAGE-11  levels  also  decreased  in  the  presence 
of  10  nM  DHT,  in  association  with  the  reduced  interaction 
between  AR  and  MAGE-11  (Fig.  5A,  lanes  4  and  5).  However, 
no  decrease  in  MAGE- 11  was  observed  in  the  presence  of 
DHT  and  the  nuclear  transport  mutant,  ARm4  (Fig.  5A,  lanes 
12  and  13).  A  decrease  in  MAGE-11  was  also  observed  with 
AR-FXXAA,  suggesting  an  effect  of  MAGE-11  independent 
of  the  AR  FXXLF  motif. 

The  effect  of  MAGE-11  on  steady-state  levels  of  AR  tran¬ 
siently  expressed  in  COS  cells  was  further  investigated  at  in¬ 
creasing  concentrations  of  androgen.  DHT  concentrations  of  2 
and  10  nM  are  below  and  near  saturating  levels,  respectively, 
based  on  3H-labeled  R1881  binding  and  AR  nuclear  transport 
studies  in  COS  cells  transiently  expressing  AR,  and  50  nM 
DHT  is  saturating  (references  17  and  52  and  unpublished 
results).  Coexpression  of  MAGE- 11  in  the  presence  of  2  and 
10  nM  DHT  reduced  AR  levels  in  association  with  decreased 
levels  of  MAGE-11  (Fig.  6A,  lanes  1  to  7).  The  level  of  AR- 
FXXAA  also  decreased  with  MAGE-11  expression  but  to  a 
lesser  extent.  This  result  again  raised  the  possibility  that 
MAGE- 11  has  effects  on  AR  that  are  FXXLF  motif  indepen¬ 
dent.  In  contrast,  addition  of  50  nM  DHT  apparently  overcame 
the  destabilizing  effect  of  MAGE-11  on  AR  but  not  AR- 
FXXAA,  and  androgen-induced  AR  stabilization  was  restored 
(Fig.  6A,  lanes  8  and  16).  The  AR-FXXAA  mutant  lacks  an 
N/C  interaction  and  was  not  stabilized  by  androgen  (14).  In 
[35S]methionine-labeled  AR  pulse-chase  experiments  per¬ 
formed  with  COS  cells  in  the  presence  of  10  nM  DHT,  the 
destabilizing  effect  of  MAGE- 11  on  AR  degradation  could  not 
be  detected  over  the  stabilizing  influence  of  DHT  on  AR  (t1/2 
=  4.7  ±  0.5  h)  and  the  AR-FXXAA  mutant  (tll2  =  3.3  ± 
0.4  h). 

Paradoxically,  we  found  that  in  the  absence  of  androgen, 
MAGE-11  increases  AR  levels  (Fig.  6A,  lanes  1  and  5).  Pulse- 
chase  studies  with  [35S]methionine-labeled  AR  in  COS  cells  in 
the  absence  of  DHT  confirmed  the  half-time  of  AR  degrada¬ 
tion  (t1/2  =  1.3  ±  0.1  h)  increased  twofold  with  MAGE-11 
expression  (tV2  =  2.4  ±  0.3  h).  Although  we  observed  some 
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FIG.  5.  Coimmunoprecipitation  of  AR,  MAGE-11,  and  TIF2.  (A  and  B)  COS  cells  were  transfected  with  2  pg  of  pCMVhAR,  pCMVhAR- 
FXXAA,  and  pCMVhARm4/10-cm  dish  in  the  absence  and  presence  of  5  pg  of  pCMV-Flag-MAGE-11  with  DEAE-dextran.  Cells  were  incubated 
for  24  h  in  media  containing  10%  charcoal-stripped  serum  (Gemini)  in  the  absence  and  presence  of  10  nM  DHT,  50  nM  estradiol  (E),  50  nM 
progesterone  (P),  50  nM  androstenedione  (AND),  50  nM  MPA,  or  1  pM  hydroxyflutamide  (HF)  as  indicated.  Cells  were  extracted  in  0.5%  NP-40 
lysis  buffer  and  immunoprecipitated  with  anti-Flag  antibody  as  described  in  Materials  and  Methods.  Immunoprecipitated  proteins  (A  and  B,  top 
two  panels)  and  a  portion  of  the  whole  cell  protein  lysates  (A  and  B,  lower  three  panels)  (10  pg/lane)  were  separated  by  electrophoresis  on  10% 
acrylamide  gels  containing  SDS.  Immunoblots  of  immunoprecipitated  proteins  and  cell  extracts  (10  pg)  were  exposed  to  X-ray  film  for  10  s. 
(C)  COS  cells  were  transfected  with  2  pg  of  pCMV-Flag-hAR,  4  pg  of  pSG5-TIF2,  and  2  pg  of  pSG5-MAGE-ll;  treated  with  and  without  10  nM 
DHT;  and  extracted  as  above.  Anti-Flag  antibody  immunoprecipitates  of  Flag-AR  (top  three  panels)  and  whole  cell  extracts  (bottom  four  panels; 
20  pg  protein/lane)  were  separated  by  electrophoresis  on  10%  acrylamide  gels  containing  SDS.  Immunoblots  of  the  immunoprecipitates  were 
exposed  to  X-ray  film  for  2  s  for  Flag-AR  and  MAGE-11  protein  and  4  h  for  TIF2,  and  the  cell  lysates  were  exposed  for  5  s  for  TIF2,  2  s  for 
Flag-AR,  and  1  s  for  MAGE-11  and  (3-actin.  Immunoblots  were  probed  as  indicated  with  AR32  rabbit  polyclonal  antibody  for  AR  (A  and  B)  and 
Flag-AR  (C),  anti-Flag  mouse  monoclonal  antibody  for  Flag-MAGE-11  (A  and  B),  anti-TIF2  antibody  (BD  Bioscience)  (C),  peptide  affinity- 
purified  rabbit  polyclonal  anti-MAGE-11  antibody  for  MAGE-11  (C),  and  anti-(3-actin  antibody  (A  to  C).  The  immunoblots  are  representative  of 
more  than  three  independent  experiments. 
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FIG.  6.  Effect  of  MAGE-11  on  AR  steady-state  levels.  (A)  Immunoblots  are  shown  of  whole-cell  protein  lysates  of  COS  cells  transfected  with 
2  p.g  of  pCMVhAR  or  pCMVhAR-FXXAA  without  and  with  5  p,g  of  pCMV-Flag-MAGE-11  in  the  absence  and  presence  of  2,  10,  and  50  nM 
DHT.  Whole-cell  extracts  (10  p,g)  were  analyzed  with  the  antibodies  indicated  on  the  right.  The  blot  was  exposed  to  X-ray  film  for  50  s. 
(B)  Immunoblots  of  pCMVhARl-660  and  pCMVhARl-660-FXXAA  (2  p.g)  expressed  in  COS  cells  (2  X  106  cells/10-cm  dish)  using  DEAE- 
dextran  in  the  absence  and  presence  of  5  p.g  of  pCMV-Flag-MAGE-11  are  shown.  Each  lane  contains  15  p,g  of  total  protein,  and  the  blots  were 
exposed  to  X-ray  film  for  3  s. 


increase  in  AR-FXXAA  in  the  absence  of  androgen  compared 
to  wild-type  AR  as  previously  reported  (14),  the  level  of  AR- 
FXXAA  did  not  increase  with  MAGE-11  expression  (Fig.  6A, 
lanes  9  and  13).  In  agreement  with  these  results,  the  half-time 
of  AR-FXXAA  degradation  (tV2  =  1-5  ±  0.1  h)  in  the  absence 
of  androgen  was  less  affected  by  MAGE-11  (f1/2  =  1.8  ±  0.1  h). 
MAGE-11  also  increased  the  level  of  AR1-660,  a  constitutively 
active  AR  NFI2-terminal  fragment  that  lacks  the  ligand  binding 
domain,  but  not  the  level  of  AR1-660-FXXAA  (Fig.  6B). 

The  results  support  a  stable  and  specific  interaction  between 
MAGE-11  and  AR  in  the  absence  of  androgen  that  increases 
AR  steady-state  levels.  The  stabilizing  effect  of  MAGE- 11  in 
the  absence  of  DHT  is  mediated  at  least  in  part  through  its 
interaction  at  the  AR  FXXLF  site.  In  the  presence  of  andro¬ 
gen,  the  interaction  between  AR  and  MAGE- 11  is  more  tran¬ 
sient  and  AR  steady-state  levels  decline.  The  decrease  in  AR- 
FXXAA  levels  with  MAGE- 11  expression  in  the  presence  of 
androgen  suggests  that  FXXLF  motif-independent  mecha¬ 
nisms  contribute  to  the  effects  of  MAGE- 11  on  AR. 

AR  and  MAGE-11  colocalize  in  the  cytoplasm  and  nucleus. 
Immunocytochemical  staining  of  AR  and  MAGE- 11  was  de¬ 
termined  to  further  establish  their  intracellular  association. 
Immunostaining  of  transiently  expressed  AR  in  COS  cells  re¬ 
sulted  in  a  typical  cytoplasmic  staining  pattern  in  the  absence 
of  androgen  and  nuclear  staining  in  the  presence  of  DHT  (Fig. 
7A  and  B)  (52).  Flag-tagged  MAGE-11  localized  predomi¬ 


nantly  in  nuclei  with  some  cytoplasmic  staining  (Fig.  1C).  We 
found  that  Flag-MAGE-11  and  AR  colocalize  in  the  cytoplasm 
in  the  absence  of  androgen  with  persistent  nuclear  staining  of 
MAGE-11  (Fig.  7D  to  F).  With  the  addition  of  androgen,  AR 
and  MAGE-11  colocalized  to  the  nucleus  (Fig.  7G  to  I).  Cy¬ 
toplasmic  colocalization  of  MAGE- 11  and  AR  was  also  seen  in 
the  presence  of  10  or  50  nM  estradiol,  and  we  observed  both 
cytoplasmic  and  nuclear  AR  with  10  and  50  progesterone  or  50 
nM  and  1  ptM  hydroxyflutamide.  AR  was  nuclear  with  10  and 
50  nM  androstenedione  or  MPA  (data  not  shown). 

Transient  expression  of  Flag-MAGE-11  in  human  foreskin 
fibroblasts  showed  colocalization  of  MAGE- 11  with  endoge¬ 
nous  AR  in  nuclei  in  the  presence  of  androgen  (Fig.  7J  to  L). 
Similarly,  MAGE-11  colocalized  with  endogenous  AR  in  hu¬ 
man  prostate  cancer  cell  lines,  LNCaP  (Fig.  7M),  CWR22- 
RV1  (Fig.  7N),  and  LAPC4  (Fig.  70)  assayed  in  the  presence 
of  androgen.  Persistent  cytoplasmic  MAGE- 11  was  also  evi¬ 
dent  in  both  fibroblasts  and  prostate  cancer  cells. 

In  contrast,  the  addition  of  androgen  changed  the  immuno¬ 
staining  pattern  of  Flag-MAGE-11  and  the  nuclear  transport 
mutant  ARm4  from  typical  cytoplasmic  staining  (Fig.  8A  to  C) 
to  colocalization  in  prominent  cytoplasmic  spots  (Fig.  8D  to  F). 
For  DNA  binding  mutant  AR-C576A,  addition  of  DHT 
changed  cytoplasmic  staining  (Fig.  8G  to  I)  to  striking  colocal¬ 
ization  in  subnuclear  bodies  (Fig.  8J  to  L).  The  results  support 
an  intracellular  interaction  between  AR  and  MAGE-11  in  the 


FIG.  7.  Immunocytochemistry  of  AR  and  MAGE-11.  Cells  were  transiently  transfected  with  pCMV-Flag-MAGE-11  or  pCMVhAR  alone  or 
together  with  Effectene.  Transiently  expressed  AR  (A,  B,  and  D  to  I)  and  endogenous  AR  (J  to  O)  are  represented  by  green  fluorescence  and  were 
detected  with  rabbit  anti-AR  polyclonal  antibody  ab3510  (Abeam,  Inc.).  Transiently  expressed  Flag-MAGE-11  (C  to  O),  represented  by  red 
fluorescence,  was  detected  with  anti-Flag  M2  mouse  monoclonal  antibody.  Yellow  is  indicative  of  AR  and  MAGE- 11  colocalization.  Represen¬ 
tative  illustrations  are  shown  for  pCMVhAR  in  COS  cells  without  DHT  (A),  pCMVhAR  in  COS  cells  without  DHT  (B),  pCMV-Flag-MAGE-11 
in  COS  cells  without  DHT  (C),  pCMVhAR  and  pCMV-Flag-MAGE-11  in  COS  cells  without  DHT  (D  to  F),  and  pCMVhAR  and  pCMV-Flag- 
MAGE-11  in  COS  cells  with  50  nM  DHT  (G  to  I).  pCMV-Flag-MAGE-11  was  transfected  alone  into  human  foreskin  fibroblasts  (J  to  L),  and 
human  prostate  cancer  cell  lines  LNCaP  (M),  CWR22-RV1  (N),  and  LAPC4  (O),  each  incubated  with  10  nM  DHT.  Original  magnification,  X63. 
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cytoplasm  in  the  absence  of  androgen  and  in  the  nucleus  in  the 
presence  of  androgen. 

Inherent  transcriptional  activity  and  FXXLF-interacting 
domain  of  MAGE-11.  Expression  of  GAL-MAGE-11  fusion 
proteins  in  mammalian  two-hybrid  assays  demonstrated  that 
MAGE-11  lacks  a  major  intrinsic  transactivation  domain.  Of 
the  fusion  proteins  created  to  span  the  MAGE-11  sequence, 
only  GAL-MAGE-11-2-252  had  a  low  level  of  transcriptional 
activity  (Fig.  9,  top). 

We  also  found  that  like  AR,  MAGE-11  binds  the  AR  NH2- 
terminal  FXXLF  motif  through  its  carboxyl-terminal  region 
(Fig.  9,  bottom).  GAL-MAGE-11-2-429  and  GAL-MAGE-11- 
112-429  interacted  to  a  similar  extent  with  VP-AR1-660,  which 
contains  the  AR  FXXLF  motif.  Both  of  these  larger 
MAGE- 11  fragments  interacted  to  a  greater  extent  than  GAL- 
MAGE-11-222-429.  Shorter  carboxyl-terminal  fragments  of 
MAGE-11  did  not  interact  with  AR.  We  also  found  that  a 
MAGE-11  LXXLL  motif  sequence  229LVHLL233  interacted 
only  weakly  with  AR  (data  not  shown).  Thus,  the  carboxyl- 
terminal  112  to  429  residues  of  MAGE-11  represent  the  AR- 
interacting  domain  (Fig.  1A). 

Competition  for  the  N/C  interaction.  We  performed  two- 
hybrid  assays  and  ligand  dissociation  rate  studies  to  demon¬ 
strate  that  binding  of  MAGE- 11  to  the  AR  NH2-terminal 
FXXLF  motif  competes  for  the  androgen-induced  N/C  inter¬ 
action.  Using  the  assay  that  first  demonstrated  the  AR  N/C 
interaction  (30),  we  found  that  coexpression  of  MAGE-11  in¬ 
hibited  the  interaction  between  VP-AR1-660  and  GAL- 
AR624-919  in  the  presence  of  androgen  (Fig.  10A). 

In  a  recent  study,  we  showed  that  GAL-AR4-52  and  GAL- 
AR20-30  compete  for  the  AR  N/C  interaction  by  binding  AF2 
in  AR  (20).  In  this  assay,  the  N/C  interaction  of  full-length  AR 
itself  is  not  directly  measured.  Luciferase  activity  results  from 
the  interaction  between  the  GAL-FXXLF  peptide  and  AR 
that  contains  the  strong  AF1  NH2-terminal  transactivation  do¬ 
main.  MAGE-11,  on  the  other  hand,  lacks  a  major  activation 
domain  (Fig.  9).  We  found  that  coexpression  of  MAGE-11 
inhibited  the  interaction  between  AR  and  GAL-AR4-52.  We 
observed  similar  but  slightly  less  inhibition  of  AR-FXXAA  by 
MAGE-11.  The  decrease  in  luciferase  activity  appeared  to  be 
attributable  largely  to  MAGE-11  binding  to  GAL-AR4-52. 
Increased  exposure  of  AF2  resulting  from  the  AR-FXXAA 
mutation  would  be  expected  to  increase  binding  of  GAL- 
AR4-52  to  AF2  (14),  which  could  account  for  the  reduced 
inhibition  of  AR-FXXAA  by  MAGE- 11. 

To  investigate  this  further,  we  tested  GAL-AR20-30,  since 
this  short  FXXLF  motif  peptide  strongly  engages  the  AR  AF2 
site  indicative  of  the  N/C  interaction  but  does  not  bind 
MAGE-11  (Fig.  3).  In  this  assay,  the  effect  of  MAGE-11  was 
mediated  only  by  binding  the  NH2-terminal  FXXLF  motif  of 
full-length  AR.  We  found  that  MAGE-11  increased  the  inter¬ 
action  between  GAL-AR20-30  and  AR  (Fig.  10A).  When  AR- 
FXXAA  was  tested,  binding  of  GAL-AR20-30  increased  and 
was  less  dependent  on  MAGE-11.  The  results  suggest  that 
binding  of  MAGE- 11  to  the  AR  NH2-terminal  FXXLF  motif 
competes  for  the  AR  N/C  interaction  and  exposes  AF2  to 
increased  binding,  in  this  case,  of  GAL-AR20-30. 

Competition  by  MAGE-11  for  the  agonist-induced  AR  N/C 
interaction  was  also  evident  from  the  dissociation  rate  of 
bound  androgen.  These  studies  were  based  on  previous  obser¬ 


vations  that  the  N/C  interaction  slows  the  dissociation  rate  of 
bound  androgen  (14,  17,  51).  COS  cells  expressing  AR  in  the 
absence  and  presence  of  MAGE-11  were  incubated  with  5  nM 
[3H]R1881.  The  half-time  (t1/2)  of  [3H]R1881  dissociation  from 
AR  (t1/2  =  109  ±  11  min)  decreased  with  coexpression  of 
MAGE-11  (f1/2  =  71  ±  6  min)  or  MAGE-11-111-429  (f1/2  =  71 
±  7  min).  In  contrast,  dissociation  of  [3H]R1881  from  AR- 
FXXAA  (t1/2  =  40  ±  5  min)  was  unaffected  by  coexpression  of 
MAGE-11  (t  l/2  =  40  ±  4  min)  or  MAGE-1 1-1 11-429  (t1/2  =  44 
±  3  min). 

The  data  provide  evidence  that  MAGE- 11  binding  to  the 
AR  NH2-terminal  FXXLF  motif  competes  for  the  AR  N/C 
interaction  and  exposes  the  AF2  site  in  the  ligand  binding 
domain.  Increased  dissociation  of  androgen  from  the  ligand 
binding  pocket  is  indicative  of  this  competitive  interaction  (14, 
17,  51). 

Effect  of  MAGE-11  on  AR  functional  activity.  To  further 
address  the  possibility  that  binding  of  MAGE- 11  to  the  AR 
NH2-terminal  FXXLF  increases  the  accessibility  of  AF2,  we 
determined  the  effect  of  MAGE-11  on  AR  transactivation  in 
the  absence  and  presence  of  increased  SRC/pl60  coactivator 
expression.  We  found  that  MAGE-11  increased  AR  transacti¬ 
vation  of  a  PSA-Luc  reporter  to  an  extent  similar  to  that  seen 
with  the  coexpression  of  TIF2  and  TRAM1  (Fig.  10B).  Fur¬ 
thermore,  the  effects  of  MAGE-11  and  the  SRC/pl60  coacti¬ 
vators  on  AR  transactivation  appeared  to  be  synergistic.  We 
also  observed  a  small,  biphasic  increase  in  ligand-independent 
AR  transactivation  with  increasing  MAGE-11  expression  that 
contributed  to  a  persistent  effect  of  MAGE-11  on  the  tran¬ 
scriptional  activity  of  AR-FXXAA  (Fig.  11A).  Transactivation 
by  AR-FXXAA  in  the  absence  of  MAGE- 11  was  almost  un¬ 
detectable  (Fig.  11  A)  due  to  the  dependence  of  the  PSA-Luc 
reporter  activation  on  the  AR  N/C  interaction,  a  dependence 
that  is  overcome  by  increased  expression  of  the  SRC/pl60 
coactivators  (18).  The  small  but  noticeable  increase  in  AR 
transactivation  with  MAGE- 11  expression  in  the  absence  of 
androgen  raised  the  possibility  that  MAGE-11  can  influence 
transcriptional  activity  of  the  ligand  free  AR.  The  dose  depen¬ 
dent  increase  in  AR-FXXAA  activity  with  MAGE- 11  expres¬ 
sion  suggested  that  the  transcriptional  effects  of  MAGE-11  are 
not  entirely  FXXLF  motif  dependent. 

To  explore  this  further,  the  specificity  of  the  stimulatory 
effects  of  MAGE-11  was  tested  with  GR  and  AR-GR  chimeras 
and  the  PSA-Luc  reporter  (Fig.  11B).  The  transcriptional  ac¬ 
tivity  of  wild-type  GR  was  only  moderately  increased  with  the 
coexpression  of  MAGE- 11.  In  contrast,  the  AR-GR  chimera 
AR1-132-GR132-777  (GR-FXXLF),  which  contains  the  AR 
NH2-terminal  FXXLF  motif  region,  showed  a  striking  increase 
in  activity  with  the  coexpression  of  MAGE-11.  The  increase  in 
activity  depended  on  the  FXXLF  motif,  since  it  was  not  ob¬ 
served  with  a  GR-FXXAA  mutant. 

The  data  suggest  that  the  AR  NH2-terminal  FXXLF  motif 
region  is  sufficient  to  mediate  the  strong  stimulatory  effect  of 
MAGE- 11.  However,  the  effect  of  MAGE- 11  was  not  entirely 
specific  to  the  AR  FXXLF  motif,  since  we  also  observed  mod¬ 
erate  increases  in  GR  and  PR-B  activity  on  the  PSA  and  mouse 
mammary  tumor  virus  (MMTV)-Luc  reporter  vectors  with 
higher  expression  levels  of  MAGE-11  (Fig.  11B  and  data  not 
shown).  MAGE-11  also  increased  AR  transactivation  of  the 
MMTV-Luc  and  probasin  promoters  (Fig.  11C).  However, 
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FIG.  8.  Immunocytochemistry  of  AR  mutants  and  MAGE-11.  COS  cells  were  transiently  transfected  with  pCMV-Flag-MAGE-11  together  with 
nuclear  transport  mutant  pCMVhAR-R617M-K618M-K632M-R633M  (ARm4)  in  the  absence  (A  to  C)  and  presence  (D  to  F)  of  50  nM  DHT  or 
with  DNA  binding  domain  mutant  pCMVhAR-C576A  in  the  absence  (G  to  I)  or  presence  (J  to  L)  of  50  nM  DHT.  AR  (green  fluorescence), 
Flag-MAGE-11  (red  fluorescence),  and  the  merge  (yellow  fluorescence)  are  shown.  Original  magnification,  X63. 


MAGE- 11  did  not  increase  the  activity  of  the  constitutive  viral 
reporters,  pSV2-Luc,  pSG5-Luc,  and  CMV-Luc  (data  not 
shown),  suggesting  that  the  effects  of  MAGE-11  on  transcrip¬ 
tional  activation  are  receptor  mediated. 

MAGE-11  also  strongly  increased  the  constitutive  transcrip¬ 


tional  activity  of  AR1-660,  an  AR  NH2-terminal  and  DNA 
binding  domain  fragment  that  has  only  weak  activity  on  the 
PSA-Luc  reporter  in  the  absence  of  MAGE-11  (Fig.  11D).  The 
striking  increase  in  AR1-660  transcriptional  activity  in  re¬ 
sponse  to  MAGE-11  was  FXXLF  motif  dependent,  since  the 
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FIG.  9.  Inherent  transcriptional  activity  of  MAGE- 11  and  the  interaction  domain  for  the  AR  FXXLF  motif.  Two-hybrid  interaction  assays  were 
performed  in  HepG2  cells  by  transient  transfection  in  12-well  plates  with  Effectene  with  0.1  p,g  of  5XGAL4Luc3  reporter  and  50  ng  of  the  indicated 
GAL- MAGE-11  fusion  protein  vectors  with  either  VP16  activation  domain  empty  vector  control  (50  ng/well)  (VP16-AD,  top)  or  VP-AR1-660  (50 
ng/well)  (bottom).  Luciferase  activity  and  error  were  determined  in  the  absence  of  hormone. 


activity  of  the  AR1-660-FXXAA  mutant  only  marginally  in¬ 
creased  with  MAGE-11  expression.  Similar  small  increases 
were  seen  with  GR1-550  and  PRB-1-688,  which  are  corre¬ 
sponding  NH2-terminal  and  DNA  binding  domain  fragments 
but  lack  an  FXXLF  motif.  Flowever,  higher  amounts  of 
MAGE-11  expression  vector  DNA  (2  p.g)  increased  the  activity 
of  AR-FXXAA  and  the  other  receptor  NH2-terminal  frag¬ 
ments  (data  not  shown).  The  data  suggest  that  the  presence  of 
the  AR  FXXLF  motif  increases  the  sensitivity  of  AR  to  the 
stimulatory  effects  of  MAGE-11. 

Taken  together,  MAGE-11  appears  to  increase  AR  transac¬ 
tivation  through  mechanisms  that  include,  but  may  not  be 
limited  to,  its  interaction  with  the  FXXLF  motif.  The  data 
support  that  MAGE- 11  binding  to  the  AR  NFI2-terminal 
FXXLF  motif  exposes  AF2  in  the  ligand  binding  domain  to 
activation  by  the  SRC/pl60  family  of  coactivators.  The  data 
also  show  a  striking  stimulatory  effect  of  MAGE-11  on  the  AR 
NFl2-terminal  region  that  is  independent  of  AF2. 

In  vivo  expression  of  MAGE-11.  Northern  blot  analysis  of 
RNA  from  several  prostate  cancer  cell  lines  and  human  testis 
failed  to  reveal  MAGE-11  mRNA  (data  not  shown),  suggest¬ 
ing  that  MAGE- 11  expression  is  low.  RT-PCR  amplification  of 
total  RNA  revealed  the  168-bp  fragment  indicative  of 
MAGE-11  mRNA  in  LNCaP,  LNCaP-C4-2,  CWR-R1, 
CWR22-RV1,  and  LAPC4  prostate  cancer  cell  lines  (Fig.  12A, 
top).  However,  detection  of  MAGE-11  mRNA  in  PC-3  and 
DU-145,  two  prostate  cancer  cell  lines  that  do  not  express  AR, 


required  a  second  amplification  using  the  initial  PCR  product 
as  template  (Fig.  12A,  bottom).  MAGE-11  mRNA  was  also 
detected  in  HeLa  cells,  a  HeLaARIC  cell  line  stably  expressing 
Flag-AR,  was  weakly  detected  in  a  human  foreskin  fibroblast  cell 
line,  HepG2,  and  COS  cells,  but  was  not  detected  in  CV1  cells. 
MAGE- 11  mRNA  was  also  expressed  in  samples  from  testis, 
ovary,  prostate,  cancerous  prostate,  breast,  and  adrenal  tissue,  but 
was  weak  to  undetectable  in  liver  and  lung  tissue  (Fig.  12B). 

Endogenous  MAGE- 11  protein  was  evident  on  immuno- 
blots  of  extracts  from  several  cancer  cell  lines  cultured  in  the 
absence  of  androgen  and  probed  with  the  MAGE- 11  antibody 
raised  against  the  MAGE-11  NH2-terminal  peptide.  Endoge¬ 
nous  MAGE-11  in  HeLa  cells  and  in  the  CWR-R1,  LNCaP, 
PC-3,  and  DU-145  prostate  cancer  cell  lines  comigrated  with 
70-kDa  recombinant  MAGE-11  expressed  in  COS  cells  (Fig. 
12C).  Only  faint  comigrating  bands  persisted  after  preincubat¬ 
ing  the  MAGE- 11  antibody  with  the  MAGE- 11  peptide  im¬ 
munogen  (Fig.  12C,  right),  and  there  was  no  evidence  for  an 
NH2-terminally  truncated  form  of  MAGE-11.  It  was  interest¬ 
ing  that  HeLaARIC  cells  stably  expressing  Flag-tagged  full- 
length  human  AR  had  higher  MAGE- 11  protein  levels  than 
HeLa  cells  lacking  AR  (Fig.  12C,  lanes  2  and  3).  The  similar 
MAGE- 11  mRNA  levels  evident  in  HeLa  and  HeLaARIC 
cells  (Fig.  12A)  raise  the  possibility  that  the  stabilizing  effect  of 
MAGE-11  on  AR  observed  above  in  the  absence  of  androgen 
contributes  to  the  stabilization  of  MAGE-11. 
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FIG.  10.  Competition  for  the  AR  N/C  interaction  by  MAGE-11  and  a  synergistic  increase  in  AR  transactivation.  (A)  Two-hybrid  interaction 
assays  were  performed  with  HepG2  cells  in  12-well  plates  with  VP-AR1-660  and  GAL-AR624-919  (GAL-AR-LBD)  (50  ng/well)  or  5  ng  of 
pCMVhAR  and  pCMVhAR-FXXAA  expressed  together  with  50  ng  of  pGALO  empty  vector  control  (GALO),  GAL-AR4-52,  or  GAL-AR20-30, 
without  further  vector  addition  (— ),  or  with  50  ng  pSG5-MAGE-ll  (MA),  pSG5-MAGE-l  1-1 11-429  (MA  111),  or  the  pSG5  empty  vector  (pS). 
Assays  were  performed  in  the  absence  and  presence  of  10  nM  R1881.  (B)  A  total  of  100  ng  of  pCMVhAR  was  expressed  in  CV1  cells  in  6-cm  dishes 
with  calcium  phosphate  precipitation  of  DNA  in  the  absence  and  presence  of  2  p,g  of  pSG5-MAGE-ll,  pSG5-TIF2,  or  pSG5-TRAMl  or  in 
combination  as  indicated,  together  with  5  p-g  of  PSA-Luc.  Transfected  cells  were  incubated  for  40  h  in  the  absence  and  presence  of  0.01,  0.1,  and 
1  nM  DHT  as  indicated.  Parallel  transfections  of  pCMVhAR  and  the  pSG5  empty  vector  control  showed  no  increase  in  activity  (data  not  shown). 


DISCUSSION 

Identification  of  MAGE-11  as  an  AR  coregulator.  We  have 
identified  the  X-linked  protein  MAGE- 11  as  a  novel  AR  co¬ 
regulator.  MAGE-11  specifically  binds  the  AR  NH2-terminal 
FXXLF  motif  that  mediates  the  androgen-dependent  N/C  in¬ 
teraction  with  AF2  in  the  AR  ligand  binding  domain.  The 
molecular  interaction  between  AR  and  MAGE-11  in  the  ab¬ 
sence  and  presence  of  androgen  is  supported  by  their  intracel¬ 
lular  colocalization,  coimmunoprecipitation,  GST  affinity  ma¬ 
trix  binding,  and  the  MAGE-1 1-induced  increases  in  AR 
transcriptional  activity  and  ligand  dissociation. 

MAGE- 11  forms  a  stable  complex  with  the  ligand-free  AR 
that  results  in  increased  AR  stability.  Increased  AR  stabiliza¬ 
tion  in  the  absence  of  androgen  raises  AR  protein  levels,  which 
could  contribute  to  the  increase  in  AR  transcriptional  activity 
observed  in  the  presence  of  MAGE- 11.  In  contrast,  binding  of 


a  strong  agonist  such  as  DHT  decreases  the  association  be¬ 
tween  AR  and  MAGE-11.  This  is  consistent  with  competition 
by  MAGE-11  for  the  agonist-induced  N/C  interaction  between 
the  AR  FXXLF  motif  and  AF2.  At  subsaturating  concentra¬ 
tions  of  DHT,  increased  turnover  of  AR  and  MAGE- 11  ap¬ 
pears  to  result  from  this  competition.  Higher  levels  of  DHT 
apparently  overcome  this  effect  and  restore  AR  stabilization 
mediated  by  the  N/C  interaction. 

We  observed  a  persistent  association  between  MAGE-11 
and  an  AR  nuclear  transport  mutant  in  the  presence  of  DHT 
that  suggests  that  the  N/C  interaction  alone  is  not  sufficient  to 
destabilize  MAGE-11  binding.  Our  earlier  studies  with  this 
ARm4  mutant  indicate  binding  kinetics  consistent  with  an  N/C 
interaction  (51).  Furthermore,  persistence  of  a  stable 
MAGE-11  and  AR  interaction  in  the  presence  of  ligands  such 
as  estradiol  and  progesterone  that  induce  AR  nuclear  trans- 
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FIG.  11.  FXXLF  motif-dependent  effects  of  MAGE-11  on  receptor  mediated  transactivation.  (A)  The  effect  of  MAGE-11  on  AR  transacti¬ 
vation  was  tested  by  transfecting  100  ng  of  pCMVhAR  or  pCMVhAR-FXXAA  into  CV1  cells  with  5  pg  of  PSA-Luc  reporter  in  the  absence  and 
presence  of  0.2,  0.5,  and  2  pg  of  pSG5-MAGE-ll.  Luciferase  activity  was  determined  in  the  absence  and  presence  of  1  nM  DHT.  (B)  The  effect 
of  MAGE-11  on  GR  transactivation  was  tested  by  transfecting  100  ng  of  pCMVhGR,  pCMVhARl-132-GR132-777  chimera  (GR-FXXLF),  and 
pCMVhARl-132-FXXAA-GR132-777  (GR-FXXAA)  into  CV1  cells  with  5  pg  of  PSA-Luc  reporter  in  the  absence  and  presence  of  0.2,  0.5,  and 
2  (jLg  of  pSG5-MAGE-ll,  as  indicated.  Luciferase  activity  was  determined  in  the  absence  and  presence  of  10  nM  dexamethasone  (DEX).  (C)  The 
effect  of  MAGE-11  on  AR  transactivation  of  the  MMTV  and  probasin  enhancer-promoters  was  tested  in  CV1  cells  transfected  with  25  ng  of 
pCMVhAR  and  5  pg  of  MMTV-Luc  or  with  10  ng  of  pCMVhAR  and  5  pg  of  probasin  (—244  to  — 96)3-Luc  in  the  absence  and  presence  of  0.1, 
0.5,  and  2  pg  of  pSG5-MAGE-ll.  (D)  The  FXXLF  motif  dependence  of  the  MAGE-1 1-induced  increase  in  constitutive  activity  of  NH2-terminal 
and  DNA  binding  domain  fragments  of  AR,  GR,  and  PR  was  tested  with  CV1  cells  transfected  with  50  ng  of  pCMVhARl-660,  pCMVhARl- 
660FXXAA,  pCMVhGRl-550,  p5mPRB-l-688,  or  pCMV5  empty  vector  (p5)/6-cm  dish  with  5  pg  of  PSA-Luc  in  the  absence  and  presence  of  0.2 
and  0.5  pg  of  pSG5-MAGE-ll. 


port  but  do  not  induce  the  AR  N/C  interaction  suggests  that 
nuclear  targeting  of  AR  is  also  not  sufficient  to  destabilize  the 
AR  and  MAGE-11  interaction.  The  data  indicate  that  both 
AR  nuclear  transport  and  binding  of  an  agonist  are  required 
for  MAGE- 11  and  AR  AF2  to  competitively  interact  with  the 
AR  NH2-terminal  FXXLF  motif.  We  have  shown  that  compe¬ 
tition  between  MAGE- 11  binding  and  the  N/C  interaction 
increases  AR  transactivation  of  androgen-responsive  enhanc¬ 
er-promoters  in  a  manner  that  is  synergistic  with  the  SRC/pl60 
family  of  coactivators.  MAGE-11  binding  and  the  N/C  inter¬ 
action  appear  to  act  in  concert  with  coactivators  to  modulate 
AR  activity.  Binding  of  MAGE- 11  to  the  AR  NH2-terminal 
FXXLF  motif  mimics  the  effect  of  an  AR-FXXAA  mutant 
(14).  Both  expose  the  AF2  site  in  the  AR  ligand  binding  do¬ 
main  that  is  otherwise  inhibited  in  the  presence  of  androgen  by 
the  N/C  interaction  and  allow  increased  recruitment  and  acti¬ 
vation  by  the  SRC/pl60  family  of  coactivators. 


The  MAGE  gene  family.  The  MAGE  gene  family  consists  of 
12  homologous  proteins  coded  by  a  3.5-Mb  segment  on  the 
long  arm  of  the  X  chromosome  at  human  Xq28.  MAGE-11  is 
in  a  region  encoding  MAGE-7  and  -9  (39).  Six  other  MAGE 
genes  are  expressed  exclusively  in  tumors,  such  as  melanomas 
(hence  the  family  name);  lung,  colon,  and  breast  cancers;  la¬ 
ryngeal  tumors;  sarcomas;  and  leukemias  (5,  39).  Tumor-se¬ 
lective  expression  of  some  MAGE  family  members  is  attrib¬ 
uted  to  genome-wide  demethylation  of  CpG  dinucleotides  at 
promoters  (6),  a  common  feature  of  cancer  cells  (4). 
MAGE- 11  was  previously  reported  in  a  variety  of  tumor  cell 
lines,  including  HeLa,  monkey  kidney  COS  cells,  3T6  mouse 
fibroblasts,  rat  glial  tumor  cells,  hamster  CHO  cells,  and  hu¬ 
man  293  cells  (24).  MAGE-11  was  also  detected  in  testis  and 
placenta  (5),  suggesting  its  expression  is  not  limited  to  cancer 
cells. 

However,  there  are  discrepancies  regarding  the  size  of  the 
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FIG.  12.  Endogenous  MAGE-11  expression.  (A)  MAGE-11  mRNAwas  analyzed  by  RT-PCR.  Total  RNA  (2  p,g)  was  reverse  transcribed,  and 
the  resulting  cDNAs  were  amplified  by  35  PCR  cycles  (top).  In  addition,  2  pi  of  the  first  PCRs  was  used  as  a  template  for  a  second  35-cycle  PCR 
amplification  with  the  same  primers  (bottom).  Amplified  MAGE-11  DNA  fragments  are  shown  for  pSG5-MAGE-ll  (lane  1),  human  foreskin 
fibroblasts  (HFF,  lane  2)  and  prostate  cancer  cell  lines  LNCaP  (lane  3),  LNCaP-C4-2  (lane  4),  CWR-R1  (lane  5),  CWR22-RV1  (lane  6),  LAPC4 
(lane  7),  PC-3  (lane  8),  and  DU-145  (lane  9),  as  well  as  from  HeLa  cells  (lane  10),  HeLaARIC  cell  line  stably  expressing  human  AR  (lane  11), 
HepG2  (lane  12),  COS  cells  (lane  13),  CV1  cells  (lane  14),  human  testis  tissue  (lane  15),  and  the  no-RNA  control  (lane  16).  The  products  were 
analyzed  on  2%  agarose  gels.  (B)  Total  RNA  was  isolated  from  adult  human  tissues  with  Trizol,  reverse  transcribed,  and  PCR  amplified  as 
described  in  Materials  and  Methods.  Shown  are  the  results  of  35  PCR  cycles  with  cDNA  from  human  testis  (lane  1),  prostate  (lane  2),  a  prostate 
tumor  (lane  3),  breast  (lane  4),  ovary  (lane  5),  lung  (lane  6),  adrenal  gland  (lane  7),  and  liver  (lane  8).  (C)  Endogenous  MAGE-11  protein  (70  kDa) 
was  detected  in  immunoblots  with  the  anti-MAGE-11  peptide  antibody  described  in  Materials  and  Methods.  The  indicated  cell  lines  were  cultured 
to  near  confluence,  and  total  protein  was  extracted  with  radioimmunoprecipitation  assay  buffer  as  described  in  Materials  and  Methods.  Total 
protein  (100  pg)  was  analyzed  in  each  lane,  and  immunoblot  analyses  were  performed  with  the  peptide  affinity-purified  MAGE-11  antibody  (2.9 
pg/ml)  raised  in  a  rabbit.  The  MAGE-11  antibody  was  untreated  (lanes  1  to  8)  or  preadsorbed  overnight  at  4°C  by  adding  5  pi  of  0.5  mg  of  peptide 
immunogen/ml  to  28  pi  of  0.52-mg/ml  antibody  (lanes  9  to  16).  Transiently  expressed  pSG5-MAGE-ll  from  COS  cells  was  analyzed  with  1  pg 
(lanes  1  and  9)  and  2  pg  (lanes  8  and  16)  of  total  protein.  The  HeLaARIC  cell  line  expresses  a  stably  integrated  Flag-tagged  human  AR  (P.  D. 
Reynolds  and  E.  M.  Wilson,  unpublished  studies).  The  MAGE-11  antibody  was  relatively  specific  to  MAGE-11  but  also  interacted  on  immunoblots 
with  a  ~80-kDa  DNA  helicase  (data  not  shown). 


MAGE- 11  protein.  Previous  studies  indicate  an  apparent  mo¬ 
lecular  mass  of  48  kDa  (24)  that  was  predicted  from  a  single 
coding  exon  (GenBank  accession  number  NM005366)  (24,  39). 
This  exon  corresponds  to  the  last  exon  of  MAGE-11  shown  in 
Fig.  1A.  The  previously  predicted  protein  lacked  the  first  110 
NH2-terminal  residues  reported  here  for  MAGE-11.  This  pu¬ 
tative  truncated  form  of  MAGE- 11  would  initiate  at  the  third 
methionine,  residue  111  of  full-length  MAGE-11.  We  ob¬ 
served  a  70-kDa  MAGE-11  protein,  which  agrees  with  a  recent 
study  (23)  that  identified  three  additional  upstream  exons  en¬ 
coding  the  NH2-terminal  region  unique  to  full-length 
MAGE-11  (Fig.  1A).  When  we  created  the  truncated  form  of 
MAGE-11  to  initiate  at  the  third  methionine,  it  was  52  kDa 
after  in  vitro  translation  and  analysis  with  SDS  gels  (data  not 
shown).  Previous  reports  of  a  similarly  sized  endogenous 


MAGE-11  made  use  of  an  antibody  raised  against  the  carbox¬ 
yl-terminal  region  of  MAGE-11.  However,  this  region  is  ho¬ 
mologous  with  other  members  of  the  MAGE  family,  raising 
the  possibility  of  cross-reaction  with  other  family  members. 
Our  data  nevertheless  support  the  expression  of  full-length 
MAGE- 11  in  human  testis,  human  foreskin  fibroblasts,  and 
several  human  cancer  cell  lines. 

Mechanism  of  interaction  between  MAGE-11  and  the  AR 
FXXLF  motif.  The  AR  FXXLF  motif  that  binds  MAGE-11  is 
identical  to  the  motif  that  binds  AF2  in  the  AR  ligand  binding 
domain  mediating  the  androgen-dependent  AR  N/C  interac¬ 
tion.  However,  detailed  deletion  mapping  and  point  mutagen¬ 
esis  studies  revealed  overlapping  yet  distinct  binding  regions. 
AR  binding  to  MAGE-11  requires  an  extended  21-amino-acid 
a-helical  region  between  AR  residues  16  to  36  that  contains 
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23FQNLF27.  This  minimal  region  is  nearly  twice  as  long  as  the 
11 -amino-acid  AR20-30  a-helical  region  required  to  bind  AF2 
in  the  AR  ligand  binding  domain.  The  more-extended  AR 
FXXLF  binding  region  may  allow  MAGE- 11  to  compete  for 
the  N/C  interaction  in  the  presence  of  an  AR  agonist.  Other 
regions  outside  but  flanking  the  AR  NH2-terminal  domain 
FXXLF  motif  region  required  for  MAGE- 11  binding  have  also 
been  suggested  to  modulate  AR  N/C  interactions  (43). 

The  entire  carboxyl-terminal  region  of  MAGE-11  is  re¬ 
quired  to  bind  the  AR  FXXLF  motif.  This  is  reminiscent  of  the 
carboxyl-terminal  region  of  AR  that  forms  the  ligand  binding 
domain  and  the  AF2  hydrophobic  cleft  that  binds  FXXLF. 
Cocrystal  structures  of  the  AR  ligand  binding  domain  have 
revealed  the  hydrophobic  AF2  surface  that  accommodates  the 
amphipathic  a-helical  regions  of  the  FXXLF  and  LXXLL  mo¬ 
tifs  (15,  22).  The  structure  of  MAGE-11  has  not  been  deter¬ 
mined,  but  analysis  using  the  PONDR  Protein  Disorder  Pre¬ 
dictor  (http://www.pondr.com/PONDR/pondr.cgi)  suggests  a 
highly  ordered  arrangement  of  a-helical  regions  between 
MAGE-11  residues  220  to  429.  It  is  possible  that  a  similar  but 
unique  binding  surface  on  MAGE-11  interacts  with  the  ex¬ 
tended  a-helical  region  of  the  AR  FXXLF  motif.  On  the  other 
hand,  binding  of  LXXLL  peptides  to  protein  domains  other 
than  nuclear  receptor  ligand  binding  domains  has  been  re¬ 
ported  (37).  Binding  of  the  FXXLF  motif  to  MAGE- 11  may 
occur  through  a  mechanism  similar  to  the  interaction  of  the 
Stat6  transactivation  domain  LXXLL  peptide  binding  to  the 
PAS-B  domain  of  SRC1  (37). 

The  stabilizing  influence  of  MAGE- 11  on  AR  in  the  absence 
of  androgen  and  androgen-induced  AR  stabilization  that  re¬ 
sults  from  the  AR  N/C  interaction  raises  the  possibility  that  the 
amphipathic  a-helical  FXXLF  motif  region  also  serves  as  an 
AR  degradation  signal  (40).  MAGE-11  binding  to  the  FXXLF 
motif  region  could  mask  the  putative  signal  and  increase  AR 
stabilization  as  observed  in  the  absence  of  hormone.  In  the 
presence  of  DHT,  FXXLF  motif  binding  to  AF2  could  simi¬ 
larly  protect  against  degradation  resulting  in  the  well-docu¬ 
mented  AR  stabilization  that  results  from  the  N/C  interaction. 

The  intracellular  association  between  AR  and  MAGE- 11  is 
supported  by  their  colocalization  in  the  cytoplasm  in  the  ab¬ 
sence  of  androgen  and  in  the  nucleus  in  the  presence  of  an¬ 
drogen.  We  also  observed  that  MAGE-11  colocalizes  in  a 
prominent  punctate  cytoplasmic  staining  pattern,  previously 
reported  for  this  AR  nuclear  transport  mutant  (52).  Depen¬ 
dence  of  the  punctate  pattern  on  androgen  binding  argues 
against  nonspecific  aggregation  and  suggests  that  the  AR 
transport  mutant  becomes  trapped  in  an  as-yet-uncharacter- 
ized  cytoplasmic  substructure  on  route  to  the  nucleus.  For  a 
DNA  binding  mutant,  AR  colocalizes  with  MAGE-11  in  prom¬ 
inent  subnuclear  structures  that  resemble  promyelocytic  leu¬ 
kemia  (PML)  bodies.  It  was  previously  reported  that  agonist, 
but  not  antagonist-bound,  AR  triggers  the  subnuclear  move¬ 
ment  of  AR  and  SRC1  out  of  the  PML  body  into  more  fila¬ 
mentous  nuclear  speckles  (38).  Entrapment  of  an  AR  DNA 
binding  domain  mutant  together  with  MAGE- 11  in  PML  bod¬ 
ies  would  reinforce  the  idea  that  MAGE-11  facilitates  the 
interaction  between  AR  and  the  SRC/pl60  coactivators. 

A  competition  model.  Our  search  for  an  FXXLF  motif  bind¬ 
ing  protein  was  based  on  the  premise  that  a  coregulator  that 
binds  the  AR  NH2-terminal  FXXLF  motif  with  high  specificity 


might  relieve  inhibition  of  AF2  imposed  by  the  androgen- 
induced  N/C  interaction  (14).  The  data  presented  in  this  report 
have  led  us  to  propose  the  model  in  Fig.  13.  DHT  binding  to 
AR  establishes  an  equilibrium  between  the  AR  N/C  interac¬ 
tion  (Fig.  13,  top  right)  and  AR  AF2  binding  of  the  SRC/pl60 
coactivators  (Fig.  13,  bottom  right).  In  each  instance, 
MAGE- 11  is  released  in  association  with  AR-mediated  gene 
activation.  In  the  presence  of  DHT,  an  AR,  MAGE-11,  and 
TIF2  intermediate  (Fig.  13,  bottom  left)  is  supported  by  the 
persistent  but  reduced  association  of  MAGE-11.  The  decrease 
in  AR-associated  MAGE-11  in  the  presence  of  DHT  suggests 
MAGE-11  is  released  from  the  AR  FXXLF  binding  site  in 
parallel  with  formation  of  the  AR  N/C  interaction  or  exposure 
of  AF2  to  SRC/pl60  coactivator  binding.  This  androgen-de¬ 
pendent  interrelationship  is  supported  by  the  synergistic  in¬ 
crease  in  transcriptional  activity  that  occurs  in  the  presence  of 
MAGE-11  and  TIF2.  It  is  also  supported  by  the  increased 
association  of  TIF2  and  decreased  association  of  MAGE-11 
with  the  DHT-bound  AR.  By  competing  for  FXXLF  motif 
binding,  MAGE-11  appears  to  function  as  an  AR  coregulator, 
in  part  by  increasing  accessibility  of  AF2  to  SRC/p  160  coacti¬ 
vator  recruitment.  There  is  also  evidence  that  MAGE-11  acts 
through  additional  mechanisms  independent  of  its  interaction 
with  the  FXXLF  motif. 

It  is  well  recognized  that  the  AR  ligand  binding  domain 
expressed  as  a  fragment  or  fusion  protein  has  little  or  no 
transcriptional  activity  when  assayed  in  mammalian  cells  (16). 
This  reflects  the  relatively  inefficient  recruitment  of  coactivator 
LXXLL  motifs  by  AR  AF2,  even  in  transformed  cell  lines 
where  endogenous  coactivator  levels  are  typically  higher  than 
for  normal  cells  (9).  The  inherent  low  activity  of  the  AR  ligand 
binding  domain  results  from  the  5-  to  10-fold-lower  binding 
affinity  of  AF2  for  the  SRC/pl60  coactivator  LXXLL  motifs 
than  the  AR  NH2-terminal  FXXLF  motif  (15,  20).  Reduced 
binding  affinity  for  the  LXXLL  motifs  results  from  sequence 
changes  in  AR  AF2  that  apparently  evolved  to  favor  FXXLF 
motif  binding  (15).  Under  conditions  of  increased  SRC/pl60 
coactivator  expression  (18)  as  observed  in  recurrent  prostate 
cancer  (10),  AR  AF2  can  recruit  and  be  activated  by  this  family 
of  endogenous  SRC/p  160  coactivators  (9,  41).  The  increase  in 
AR  transactivation  that  we  observe  in  response  to  MAGE- 11 
without  transiently  overexpression  of  the  SRC/pl60  coactiva¬ 
tors  suggests  that  MAGE- 11  binding  to  AR  increases  the  re¬ 
cruitment  of  endogenous  coactivators.  Coactivator  recruitment 
by  the  AR  AF2  site  in  full-length  AR  is  probably  more  efficient 
than  coactivator  recruitment  by  the  AR  ligand  binding  domain 
fragment  alone,  since  additional  interactions  are  reported  to 
occur  between  the  coactivator  and  the  AR  NH2-terminal  re¬ 
gion  (16). 

In  the  absence  of  androgen,  the  predominant  binding  of 
MAGE- 11  to  AR  was  not  surprising,  since  AR  FXXLF  motif 
binding  to  AF2  that  characterizes  the  AR  N/C  interaction 
requires  the  presence  of  a  high-affinity  androgen  bound  in  the 
ligand  binding  pocket  (51).  Isolation  of  a  stable  complex  be¬ 
tween  AR  and  MAGE- 11  in  the  absence  of  androgen  and  our 
observations  that  MAGE-11  colocalizes  with  AR  in  the  cyto¬ 
plasm  strongly  indicate  that  binding  of  MAGE-11  to  AR  pre¬ 
dominates  in  the  absence  of  androgen.  Moreover,  in  the  pres¬ 
ence  of  ligands  such  as  estradiol,  progesterone,  and 
hydroxyflutamide  that  can  target  AR  to  the  nucleus  but  do  not 
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FIG.  13.  Model  for  the  effect  of  MAGE-11  on  AR  transactivation.  In  the  absence  of  androgen,  MAGE-11  binds  the  AR  NH2-terminal  domain 
(NTD)  FXXLF  motif  (Fx)  and  stabilizes  the  ligand-free  AR.  Binding  of  DHT  induces  AR  nuclear  transport  and  a  conformational  change  in  AF2 
in  the  ligand  binding  domain  (LBD)  that  enables  FXXLF  motif  binding  in  the  N/C  interaction  and  release  of  MAGE-11.  Although  not  depicted, 
the  AR  FXXLF  motif-AF2  N/C  interaction  is  thought  to  occur  between  monomers  in  an  antiparallei  AR  dimer.  The  androgen-dependent  AR  N/C 
interaction  inhibits  the  activity  of  AF2,  making  AF1  the  dominant  activation  domain.  In  the  nucleus,  MAGE-11  competes  for  and  relieves  the 
inhibitory  effect  of  the  N/C  interaction,  resulting  in  increased  activation  by  AF2  binding  of  the  LXXLL  motifs  (Lx)  of  the  SRC/pl60  family  of 
coactivators.  The  model  suggests  that  MAGE-11  functions  as  an  AR  coregulator  by  occupying  the  AR  FXXLF  site  and  facilitates  intermittent 
binding  of  coactivators  reported  to  occur  at  enhancer-promoter  regions  of  androgen-regulated  genes. 


induce  the  N/C  interaction,  a  stable  interaction  with  MAGE-11 
persists  in  the  nucleus. 

On  the  other  hand,  MPA  at  high  concentrations  does  not 
promote  the  AR  N/C  interaction  between  VP-AR1-660  and 
GAL-AR624-919  and  instead  acts  as  an  inhibitor  in  the  pres¬ 
ence  of  DHT  (27).  In  agreement  with  this,  MPA  at  high  con¬ 
centrations  does  not  stabilize  AR  (Fig.  5B,  lane  6)  and  is  not  a 
strong  androgen  in  vivo  (27).  However,  recently  we  found  that 
MPA  at  relatively  low  concentrations  does  promote  the  inter¬ 
action  of  GAL-AR20-30  and  GAL-AR4-52  with  full-length 
AR  (unpublished  studies).  The  discrepancy  between  the  assays 
is  currently  not  understood.  We  reported  previously  that  an 
AR  NH2-terminal  WXXLF  motif  contributes  to  the  N/C  in¬ 
teraction,  but  the  influence  of  specific  ligands  is  not  known. 
Like  the  AR  NH2-terminal  FXXLF  motif,  the  WXXLF  motif 
interacts  with  AF2  in  an  androgen-dependent  manner  (17). 
The  effectiveness  of  MPA  to  displace  MAGE-11  may  contrib¬ 
ute  to  its  strong  transcriptional  effects  observed  in  transient 
transfection  assays  (27). 

In  the  presence  of  DHT,  competition  between  MAGE-11 
binding  and  the  AR  N/C  interaction  depends  on  the  DHT 
concentration  and  subcellular  location  of  AR.  At  subsaturating 
concentrations  of  androgen  (<10  nM  DHT  for  AR  expressed 
in  COS  cells),  steady-state  levels  of  AR  protein  were  reduced, 
suggesting  that  MAGE-11  interferes  with  the  N/C  interaction 
that  mediates  androgen-induced  AR  stabilization.  However, 
the  AR  N/C  interaction  prevailed  at  higher  androgen  levels, 
and  stabilization  was  restored  for  wild-type  AR  but  not  for  the 


AR-FXXAA  mutant  defective  in  the  N/C  interaction.  At  an¬ 
drogen  levels  that  fully  saturate  the  AR,  the  N/C  interaction 
apparently  prevailed  over  MAGE-11  binding. 

Even  more  compelling  evidence  for  the  intracellular  com¬ 
petition  between  MAGE-11  and  the  N/C  interaction  is  that 
MAGE- 11  increases  the  dissociation  rate  of  bound  androgen 
from  AR.  Slow  androgen  dissociation  is  a  hallmark  of  the  AR 
N/C  interaction  (14,  17,  51).  However,  we  also  found  that  the 
nuclear  transport  mutant  that  localizes  in  the  cytoplasm  in  the 
presence  of  DHT  stably  associates  with  MAGE-11  in  the  ab¬ 
sence  and  presence  of  androgen.  In  the  presence  of  androgen, 
ARm4  engages  in  an  N/C  interaction,  based  on  its  stabilization 
by  androgen  and  by  the  slow  rate  of  dissociation  of  bound 
ligand  (51). 

Thus,  high-affinity  agonist  binding  and  AR  nuclear  transport 
both  appear  to  be  necessary  to  establish  the  dynamic  relation¬ 
ship  between  MAGE- 11  and  AF2  binding  at  the  AR  NH2- 
terminal  FXXLF  site.  By  binding  the  FXXLF  motif, 
MAGE- 11  competes  for  the  androgen  dependent  N/C  inter¬ 
action,  exposing  AF2  to  activation  by  coactivators.  Increased 
coactivator  binding  likely  accounts  in  part  for  the  MAGE- 11- 
induced  increase  in  AR  transcriptional  activity  of  androgen- 
responsive  gene  promoters,  an  increase  that  is  synergistic  with 
coactivator  expression.  Moreover,  the  studies  support  multiple 
protein  interactions  at  a  common  FXXLF  binding  site  whereby 
MAGE-11  influences  AR  turnover,  the  N/C  interaction,  and 
transcriptional  activity  in  the  absence  and  presence  of  agonist 
binding.  Binding  of  MAGE-11  may  contribute  to  the  intermit- 
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tent  binding  of  coactivators  that  has  been  reported  during  AR 
mediated  gene  activation  (41). 

In  vivo  function  of  MAGE-11  and  its  role  in  prostate  cancer. 
Unlike  most  of  the  other  MAGE  family  members  that  are  cell 
surface  tumor-associated  antigens,  MAGE-11  is  confirmed  by 
our  studies  as  a  cytoplasmic  and  nuclear  protein  that  is  ex¬ 
cluded  from  nucleoli  (24).  A  putative  nuclear  targeting  signal 
in  MAGE-11  was  recognized  previously  (23).  Localization  of 
the  MAGE  family  to  the  X  chromosome  and  homology  to  a 
group  of  proteins  in  the  sex-determining  region  of  the  X  chro¬ 
mosome  support  a  role  for  MAGE- 11  in  AR  function  during 
phenotypic  sex  determination.  MAGE- 11  is  highly  conserved 
in  primates,  although  a  cDNA  and  genomic  DNA  database 
homology  search  indicates  MAGE-11  may  not  exist  in  lower 
species.  However,  a  related  MAGEB  family  of  genes  was  re¬ 
cently  reported  that  is  —60%  homologous  to  the  MAGE  (MA- 
GEA)  family  (32).  The  MAGEB  gene  family  maps  to  the  Xp21 
region  of  the  X  chromosome  and  is  associated  with  a  dose- 
sensitive  sex  reversal  phenotype  (29,  32,  35)  and  with  the 
DAX-1  gene,  where  mutations  cause  X-linked  adrenal  hyp¬ 
oplasia  congenita  and  hypogonadotropic  hypogonadism  (34). 

From  an  evolutionary  perspective,  the  AR  AF2  region  of  the 
ligand  binding  domain  is  more  highly  conserved  among  all 
species  that  express  AR  than  is  the  FXXLF  motif.  This  sug¬ 
gests  that  the  AR  AF2  region  evolved  prior  to  the  FXXLF 
motif.  Exclusive  expression  of  MAGE- 11  in  primates  may  con¬ 
tinue  this  evolutionary  progression  in  AR  regulation,  suggest¬ 
ing  that  mechanisms  that  control  the  function  of  AR,  one  of 
the  youngest  members  of  the  nuclear  hormone  receptor  super¬ 
family,  continue  to  evolve. 

It  remains  to  be  established  in  which  cell  types  and  under 
what  physiological  conditions  MAGE- 11  influences  AR  activ¬ 
ity.  MAGE-11  mRNA  was  not  detectable  by  Northern  blotting 
and  required  RT-PCR  methods.  Endogenous  MAGE-11  pro¬ 
tein  was  detected  in  prostate  cancer  cells  and  at  higher  levels  in 
HeLa  cells  when  the  AR  was  stably  expressed.  Since 
MAGE-11  mRNA  levels  were  not  higher  in  HeLaARIC  cells 
stably  expressing  AR,  the  increase  in  MAGE-11  protein  sug¬ 
gests  that  AR  stabilizes  MAGE-11  in  a  reciprocal  relationship 
with  the  stabilizing  effect  of  MAGE-11  on  AR  in  the  absence 
of  androgen.  The  melanoma  gene  family  of  proteins  is  char¬ 
acterized  by  expression  in  cancer  cells,  but  MAGE-11  is  also 
expressed  in  normal  tissues  including  testis,  placenta  (5),  and 
(as  shown  here)  ovary  and  prostate.  The  presence  of 
MAGE- 11  mRNA  in  a  human  foreskin  fibroblast  cell  line  also 
supports  a  role  for  MAGE- 11  in  AR  transcriptional  activity  in 
normal  cells. 

Our  studies  further  suggest  that  MAGE-11  may  be  impor¬ 
tant  in  prostate  cancer.  We  found  higher  levels  of  expression  of 
MAGE- 11  mRNA  in  prostate  cancer  cells  that  express  AR  and 
that  have  been  shown  to  have  increased  levels  of  the  SRC/pl60 
family  of  coactivators  (9).  The  MAGE-ll-induced  stabilization 
of  AR  in  the  absence  of  hormone  could  account  for  the  in¬ 
creased  levels  of  AR  frequently  observed  with  recurrent  pros¬ 
tate  cancer  (3,  28,  46)  and  may  contribute  to  the  increased 
ligand-independent  AR  transcriptional  activity.  This,  together 
with  increased  levels  of  the  coactivators  SRC1  and  TIF2  (10), 
could  enhance  the  sensitivity  of  AR  to  low  androgen  levels  (11, 
12,  33)  and  to  the  effects  of  mitogen  signaling  (9).  The  data 


support  that  MAGE- 11  is  a  new  player  in  the  cellular  pathways 
that  mediate  AR  transactivation  in  normal  and  cancer  cells. 
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The  androgen  receptor  (AR)  is  a  ligand-activated  transcription 
factor  required  for  male  sex  development  and  virilization  and  con¬ 
tributes  to  prostate  cancer  initiation  and  progression.  High  affinity 
androgen  binding  triggers  conformational  changes  required  for  AR 
transactivation.  Here  we  characterized  naturally  occurring  AR  gene 
mutations  in  the  region  of  activation  function  2  (AF2)  that  decrease 
or  increase  AR  transcriptional  activity  by  altering  the  region 
bounded  by  AF2  and  the  ligand  binding  pocket  without  affecting 
equilibrium  androgen  binding  affinity.  In  the  androgen  insensitiv¬ 
ity  syndrome,  germ  line  AR  mutations  increase  the  androgen  disso¬ 
ciation  rate  and  reduce  AR  FXXLF  motif  binding  and  the  recruit¬ 
ment  of  steroid  receptor  coactivator  (SRC)/pl60  coactivator  LA' AT, l, 
motifs.  In  prostate  cancer,  somatic  AR  mutations  in  AF2  or  near  the 
bound  ligand  slow  androgen  dissociation  and  increase  AR  stabiliza¬ 
tion  and  coactivator  recruitment.  Crystal  structures  of  the  AR 
ligand  binding  domain  bound  to  R1881  and  FA'A'LF  or  LA' ATT,  motif 
peptide  indicate  the  mutations  are  proximal  to  the  AF2  bound  pep¬ 
tide,  adjacent  to  the  ligand  pocket,  or  in  a  putative  ligand  gateway. 
The  results  suggest  a  bidirectional  structural  relay  between  bound 
ligand  and  coactivator  that  establishes  AR  functional  potency  in 
vivo. 


Steroid  receptors  comprise  a  subgroup  of  the  nuclear  receptor  family 
of  transcriptional  activators  that  regulate  gene  expression  by  recruiting 
coactivator  proteins  (1).  Like  other  steroid  receptors,  the  androgen 
receptor  (AR)3  mediates  transcriptional  activation  primarily  through 
two  domains.  Activation  function  1  (AF1)  in  the  NH2-terminal  region  is 
the  major  transactivation  domain  (2)  but  is  not  well  conserved  across 
species  (3).  Activation  function  2  (AF2)  in  the  ligand  binding  domain  is 
a  highly  conserved  hydrophobic  surface  that  is  stabilized  by  agonist 
binding  and  required  for  SRC/pl60  coactivator  recruitment.  AF2  is 
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formed  by  helices  3,  3',  4,  and  12  and  is  flanked  by  clusters  of  oppositely 
charged  residues  (4).  AR  binding  of  the  biologically  active  androgens 
testosterone  and  dihydrotestosterone  (DHT)  is  thought  to  stabilize  the 
AF2  helix  12  to  complete  the  coactivator  binding  surface  (5-7). 

The  human  AR  gene  is  expressed  at  chromosome  Xqll-12  as  a  single 
allele  in  the  46, XY  genetic  male.  More  than  300  different  AR  single 
amino  acid  mutations  or  partial  gene  deletions  cause  the  androgen 
insensitivity  syndrome  (AIS).  Partial  loss  of  AR  function  results  in  male 
infertility  and  varying  degrees  of  incomplete  masculinization.  Complete 
loss  of  AR  function  results  in  an  external  female  genital  phenotype  in  the 
genetic  male  (8,  9).  Mutations  in  the  AR  gene  occur  in  the  human  pop¬ 
ulation  with  a  frequency  of  —0.002%,  with  single  base  changes  over¬ 
whelmingly  positioned  in  the  highly  structured  ligand  binding  domain. 
Mutations  in  the  AF2  region  of  the  ligand  binding  domain  can  cause  AIS 
without  altering  equilibrium  androgen  binding  affinity  (10,  11). 

For  the  steroid  receptors  as  a  group,  AF2  serves  as  a  critical  if  not 
essential  binding  site  for  the  LXXLL  motifs  of  SRC/pl60  coactivators 
that  have  histone  acetyltransferase  activity  (12).  However,  AR  is  unique 
because  AF2  displays  different  affinities  for  multiple  LXXLL-related 
motifs.  Like  other  steroid  receptors  in  the  presence  of  agonist,  AR  AF2 
binds  the  LXXLL  motifs  of  SRC/pl60  coactivators  but  with  an  affinity 
5-10  times  weaker  than  that  of  the  AR  NH2-terminal  FXXLF  motif 
sequence  23FQNLF27  (10,  13,  14).  AR  FXXLF  motif  binding  to  AF2 
mediates  the  androgen-dependent  NH2-  and  carboxyl-terminal  (N/C) 
interaction  that  has  been  shown  to  be  important  for  androgen-regulated 
gene  expression  (11, 15).  AR  has  in  addition  an  NH2-terminal  WXXLF- 
binding  motif  (433WHTLF437)  that  contributes  to  the  N/C  interaction 
by  binding  AF2  (14,  16,  17).  AR  transactivation  through  AF2  in  the 
presence  of  agonist  appears  to  be  limited  not  only  by  the  lower  binding 
affinity  for  the  coactivator  LXXLL  motifs  but  also  through  competitive 
inhibition  of  coactivator  binding  by  the  AR  FXYLF  motif. 

Beneath  the  exterior  surface  of  the  AR  AF2  coactivator- binding  site  is 
a  shallow  interface  juxtaposed  against  the  ligand  binding  pocket.  This 
close  structural  arrangement  provides  a  platform  for  potential  commu¬ 
nication  between  AF2  and  bound  ligand  in  regulating  AR  transcrip¬ 
tional  activity.  Support  for  structural  communication  at  this  boundary 
region  is  evident  from  the  slower  androgen  dissociation  that  results 
from  FXYLF  motif  binding  to  AF2  (11,  15,  18).  Coactivator  LXYLL 
motif  binding  may  similarly  induce  conformational  changes  in  AF2  and 
impact  ligand  binding  kinetics  (13, 16).  Here  we  investigated  structural 
features  and  functional  consequences  of  the  naturally  occurring  AR 
germ  line  and  somatic  mutations  in  or  near  the  AF2  site  in  search  of 
evidence  for  a  structural  relay  between  AF2  and  the  ligand  binding 
pocket.  In  the  AR-linked  disorders  of  androgen  insensitivity  and  pros¬ 
tate  cancer,  AR  gene  mutations  have  opposite  effects  on  AR  activity  that 


6648  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


H&ifit:;  VOLUME  281 -NUMBER  10- MARCH  10,2006 

yvyw 


Androgen  Receptor  Mutations  at  theAF2-Ligand  Boundary 


involve  the  N  1C  interaction,  androgen  dissociation  rates,  and  coactiva¬ 
tor  recruitment. 

EXPERIMENTAL  PROCEDURES 

Plasmids — pCMVhAR  vectors  expressing  full-length  human  AR 
with  the  following  mutations  were  described:  I737T  and  F725L  (10, 19); 
V889M  (20);  E897K  and  I898T  (10);  K720A  (4,  10);  H874Y  (21);  and 
T877A  (22).  Other  vectors  used  were  as  follows:  VP-AR-(l-660)  (11, 
14);  transcriptional  intermediary  factor  2  (TIF2)-AR  fusion  protein 
TIF2(LXXLL)3AR-(172-919)  (18);  pSG5-TIF2  and  VP-TIF2-(624- 
1287)  (VP-TIF2.1)  (23);  wild-type  and  mutant  pcDNA3-AR-(624-919) 
(10,  14);  and  5XGAL4Luc3  (16).  GST-SRC1-IV  (GST-SRC1-(1139- 
1441))  was  created  by  digesting  GAL-SRC1-(1139-1441)  with  Xbal 
(blunt-ended)  and  BamHI,  and  the  fragment  was  subcloned  into 
pGEX-3X  digested  with  EcoRI  (blunt-ended)  and  BamHI.  GST-AR-(4- 
52)  (GST-AR-FXXLF)  was  created  by  PCR  amplifying  pACT2-AR-(4- 
52),  digesting  the  fragment  with  EcoRI  and  Xhol,  and  subcloning  into 
pGEX-4T-l  digested  with  the  same  enzymes.  AIS  and  prostate  cancer 
mutations  were  introduced  into  GAL-AR-(624-919)  by  PCR  amplifi¬ 
cation  of  the  corresponding  mutant  pCMVhAR  and  cloning  the  Xbal 
and  Ndel  fragments  into  GAL-AR-(624-919)  digested  with  the  same 
enzymes.  pCMVhAR-(507-919)  vectors  (2)  containing  the  indicated 
mutations  were  created  by  digesting  full-length  mutant  pCMVhAR 
with  Kpnl  and  BamHI  and  cloning  the  fragment  into  pCMV5  digested 
with  the  same  enzymes.  pCMVhAR  vectors  containing  AIS  mutations 
G743V,  Q733A,  L712F,  and  V715M  were  created  using  a  double  PCR 
strategy.  TIF2(LXXLL)3AR-(172-919)-AXXAA  containing  the  V715M 
or  H874Y  mutation  was  constructed  by  digesting  the  corresponding 
pCMVhAR  mutant  with  Hindlll  and  Xbal.  The  fragments  were  sub¬ 
cloned  into  similarly  digested  TIF2(LXXLL)3AR-(172-919)-AXXAA. 
TIF2(LXXLL)3AR-(172-919)-AXXAA-T877A  was  created  by  digesting 
GAL-AR-(624-919)-T877A  with  Csp45I  and  Xbal  and  inserting  the 
fragment  into  TIF2(LXXLL)3AR-(172-919)-AXXAA  digested  with 
the  same  enzymes.  TIF2(LXXAA)3AR-(172-919)  vectors  containing 
V715M,  H874Y,  and  T877A  were  created  by  digesting  the  correspond¬ 
ing  pCMVhAR  mutant  with  Csp45I  and  Xbal  and  inserting  the  frag¬ 
ment  into  similarly  digested  TIF2(LXXAA)3AR-(172-919).  All  PCR 
amplified  regions  were  verified  by  DNA  sequencing. 

Crystal  Structure  Analysis — Coordinates  of  the  wild-type  AR  ligand 
binding  domain  bound  with  R1881  and  either  AR-(20  -30)-FXXLF  pep¬ 
tide  RGAFQNLFQSV,  TIF2  LXXLL  peptide  KENALLRYLLDKDD,  or 
no  peptide,  Protein  Data  Bank  (www.rcsb.org)  access  codes  1XOW, 
2A06,  and  1XQ3,  respectively  (13),  were  examined  with  regard  to  the 
functional  data  from  AR  mutations  in  AIS  and  prostate  cancer.  The 
structures  were  viewed  with  QUANTA  (Accelrys,  Inc.)  and  rendered 
and  annotated  with  PyMol  version  0.98  (Delano  Scientific,  www. 
pymol.org)  and  Adobe  Photoshop. 

Cell  Transfections — Transcriptional  activities  of  wild-type  and 
mutant  full-length  human  AR  (pCMVhAR)  were  determined  in  tran¬ 
sient  cotransfection  assays.  Monkey  kidney  CV1  cells  were  maintained 
in  Dulbecco’s  modified  Eagle’s  medium  containing  10%  bovine  calf 
serum,  2  mM  L-glutamine,  20  mM  Hepes,  pH  7.2,  penicillin,  and  strep¬ 
tomycin.  CV1  cells  (4.2  X  105/6  cm  dish)  were  plated  in  the  same 
medium  except  containing  5%  bovine  calf  serum,  and  the  next  day  the 
cells  were  transfected  with  0.1  /ug  of  wild-type  or  mutant  pCMVhAR 
and  5  jug  of  the  PSA-Enh-Luc  reporter  (Michael  Carey,  University  of 
California  Los  Angeles)  (4).  For  the  effects  of  SRC/pl60  coactivators, 
pSG5-TRAMl  (2  /ug  DNA/6  cm  dish)  was  included.  After  incubating 
with  the  calcium  phosphate-DNA  precipitate  for  4  h  at  37  °C,  cells  were 
shocked  with  15%  glycerol-containing  medium,  washed,  and  trans¬ 


ferred  to  serum-free  medium  lacking  phenol  red  in  the  absence  and 
presence  of  the  indicated  steroids.  Cells  were  incubated  overnight  and 
the  next  day  placed  in  serum-free  medium  with  and  without  the  indi¬ 
cated  hormones.  The  medium  was  exchanged  and  incubated  for  an 
additional  24  h  at  37  °C  with  or  without  hormone.  Cells  were  washed 
with  phosphate-buffered  saline  and  harvested  in  0.5  ml  of  lysis  buffer 
containing  25  mM  Tris  phosphate,  pH  7.8,  2  mM  EDTA,  1%  Triton 
X-100.  After  30  min  rocking  at  room  temperature,  100-/ul  aliquots  were 
analyzed  for  luciferase  activity  using  an  automated  LumiStar  Galaxy 
(BMG  Labtech)  multiwell  plate  reader  luminometer. 

Two-hybrid  interaction  assays  were  performed  using  human  epithe¬ 
lioid  cervical  carcinoma  HeLa  cells.  HeLa  cells  were  maintained  in 
Eagle’s  minimum  essential  medium  (Invitrogen)  supplemented  with 
10%  fetal  bovine  serum  (Sigma),  2  mM  L-glutamine,  penicillin,  and  strep¬ 
tomycin.  HeLa  cells  were  plated  in  12- well  plates  (5  X  104  cells/well)  and 
transfected  using  Effectene  (Qiagen)  or  FuGENE  (Roche  Applied  Sci¬ 
ence)  with  50  ng/well  GAL-AR-(624-919),  50  ng/well  VP-AR-(1- 660), 
and  0.1  jug  of  5XGAL4Luc3  reporter  vector.  For  the  Effectene  proce¬ 
dure,  the  DNA  transfection  mixture  contained  50  /ul  of  transfection 
buffer  (Qiagen),  1  /ul  of  Enhancer,  and  1  /ul  of  Effectene  per  well  (4).  To 
each  DNA  mixture  was  added  0.4  ml  of  serum-containing  medium,  and 
0.4  ml  was  added  to  each  well  containing  0.8  ml  of  fresh  serum-contain¬ 
ing  medium.  For  the  FuGENE  transfection,  43  jul  of  serum-free  medium 
and  0.6  /ul  of  FuGENE  were  combined  per  well,  and  after  a  15-min 
incubation  with  the  DNA,  40  /ul  of  the  mixture  was  added  per  well.  After 
24  h,  cells  were  washed,  and  serum-free  medium  (2  ml)  lacking  phenol 
red  was  added  with  and  without  the  indicated  steroids.  Cells  were  incu¬ 
bated  overnight,  and  100  jul  of  the  cell  lysate  was  assayed  for  luciferase 
activity  after  harvesting  in  0.25  ml  of  lysis  buffer  as  described  above. 
Transcription  assays  of  AR  activity  were  performed  in  HeLa  cells  as 
described  above  using  per  well  of  12-well  plates  the  following:  10  ng  of 
wild-type  or  mutant  pCMVhAR,  0.25  jug  of  PSA-Enh-Luc,  in  the 
absence  and  presence  of  50  ng/well  pSG5-TIF2. 

In  Vitro  Binding  Assays — Competitive  binding  and  ligand  dissocia¬ 
tion  studies  were  performed  at  37  °C  in  whole  cell  binding  assays  by 
plating  4  X  105  COS  cells/well  of  6-well  plates  and  transfecting  1  jug  of 
wild-type  or  mutant  pCMVhAR  or  pCMVhAR-(507-919)  per  well 
using  DEAE-dextran  (4).  Cells  were  incubated  for  2  h  at  37  °C  in 
0.6  ml  of  serum-free  medium  lacking  phenol  red  and  containing 
5  nM  [3H]R1881  (17a-methyl-[3H]methyltrienolone;  82  Ci/mmol), 
[l,2,4,5,6,7-3H]dihydrotestosterone  (DHT,  124  Ci/mmol),  or  [1, 2,6,7- 
3H] testosterone  (78.5  Ci/mmol)  (PerkinElmer  Life  Sciences).  Nonspecific 
binding  was  determined  by  the  addition  of  a  100-fold  molar  excess  of  unla¬ 
beled  androgen.  For  competitive  binding  studies,  increasing  concentrations 
of  unlabeled  ligands  were  added  during  the  2-h  incubation.  For  ligand  dis¬ 
sociation  studies,  unlabeled  androgen  was  added  to  the  labeling  media  in 
0.1  ml  of  medium  to  a  final  concentration  of  50  jum,  and  ligand  dissociation 
at  37  °C  was  terminated  at  increasing  time  intervals  up  to  2.5  h.  Cells  were 
washed  with  phosphate-buffered  saline,  and  total  bound  radioactivity  was 
determined  by  lysing  cells  in  0.5  ml  of  2%  SDS,  10%  glycerol,  and  20  mM 
Tris,  pH  6.8.  Dissociation  half-times  were  determined  as  the  mean  ±  S.E.  of 
the  time  required  to  reduce  specific  androgen  binding  activity  by  50%. 

Equilibrium  binding  constants  were  determined  by  transfecting  2  X 
105  COS  cells/well  of  12-well  plates  with  0.05  jug  of  wild-type  and 
mutant  pCMVhAR  expression  vector  DNA  using  DEAE-dextran.  Cells 
were  incubated  with  0.1,  0.2,  0.4,  0.8,  1.5,  and  3  nM  [3H]R1881  in  the 
absence  and  presence  of  a  100-fold  molar  excess  of  unlabeled  R1881  to 
assess  nonspecific  binding.  Free  [3H]R1881  was  determined  after  the 
2-h  incubation  by  counting  an  aliquot  of  the  medium.  Cells  were 
washed  and  harvested,  and  radioactivity  was  determined.  In  the  in  vitro 
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TABLE  1 

[3H]R1 881  dissociation  and  affinity  constants  from  AR  AF2  mutants 

Helix  position  in  the  ligand  binding  domain  is  indicated  for  AR  A1S  and  charge  clamp  mutations.  AIS  grade  is  based  on  a  1-7  scale  where  grade  1  is  mild  AIS,  and  grades 
6  and  7  are  complete  AIS  (9).  Half-times  in  min)  of  [3H]R1881  dissociation  were  determined  at  37  °C  in  COS  cells  for  full-length  wild-type  and  mutant  AR-(1-919)  and 
AR  DNA  and  ligand  binding  domain  fragment  AR-(507-919).  Equilibrium  binding  affinities  ( Kd ,  nM)  for  full-length  wild-type  and  mutant  AR  were  determined  by  Scatchard 
plot  analysis.  Shown  are  the  means  ±  S.E.  determined  from  at  least  three  independent  assays.  Nucleotide  base  changes  are  indicated  for  AR  mutations  in  AIS.  Diss  indicates 
dissociation. 


Helix 

AIS  grade 

Full-length  AR 

AR-(507-919),  Diss  ti ^  min 

Codon  change 

Ref. 

Diss  tifr  min 

Kd 

km 

AR-WT 

107  ±  5 

0.40  ±  0.20 

33  ±  9 

F725L 

3/4  loop 

3-5 

86  ±  5 

0.82  ±  0.32 

31  ±  2 

TTC- 

CTC 

10,  19 

I737T 

4 

1-3 

81  ±  3 

0.44  ±  0.20 

38  ±  0 

ATT- 

h-ACT 

10,  19 

G743V 

5 

4-5 

58  ±  6 

0.16  ±  0.06 

19  ±  3 

GGG- 

CTG 

76-78 

Q733H 

4 

3-4 

34  ±  3 

0.30  ±  0.30 

30  ±  4 

CAG- 

-CAT 

79,  80 

L712F 

3 

3 

26  ±  3 

0.42  ±  0.17 

20  ±  1 

CTT- 

CTT 

81 

I898T 

12 

6 

21  ±  2 

0.34  ±  0.02 

6  ±  2 

ATT- 

h-ACT 

10,  80 

V889M 

11/12  loop 

6 

9  ±  1 

0.46  ±  0.25 

4  ±  2 

GTG— »ATG 

82-86 

K720A 

3 

101  ±  14 

0.54  ±  0.15 

27  ±  4 

E897K 

12 

38  ±  4 

0.52  ±  0.18 

34  ±  5 

A  B  C 


FIGURE  1 .  Scatchard  plots  of  [3H]R1 881  binding  to  wild-type  AR  and  AR  AIS  and  prostate  cancer  mutants.  Equilibrium  androgen  binding  affinities  were  determined  at  37  °C  in 

cultured  COS  cells  transiently  expressing  wild-type  [WT)  and  mutant  AR  as  described  under  "Experimental  Procedures."  A  and  B,  representative  data  are  shown  for  full-length  WT  AR 
and  AR  AIS  mutants  I737T,  F712L,  I898T,Q733H,  V889M,  and  G743V.  C,  representative  data  are  shown  for  full-length  WTAR  and  AR  prostate  cancermutantsH874Y,T877A,  and  V715M. 
Apparent  equilibrium  androgen  binding  affinities  (see  Table  1 )  were  determined  from  the  means  of  at  least  three  independent  experiments.  B/F,  bound/free. 


affinity  matrix  binding  assays,  GST  fusion  proteins  were  expressed,  iso¬ 
lated,  and  incubated  with  [35S]methionine-labeled  AR  ligand  binding 
domain  residues  624-919  as  described  (10, 14). 

Degradation  Assays — Wild-type  and  V715M,  H874Y,  or  T877A 
pCMVhAR  (10  /rg/10-cm  dish)  was  expressed  in  COS  cells  (2  X  106/ 
10-cm  dish)  plated  in  Dulbecco’s  modified  Eagle’s  medium  containing 
10%  bovine  calf  serum  (Hyclone)  and  transfected  using  DEAE-dextran. 
After  24  h,  transfected  cells  were  placed  in  serum-free  medium.  48  h 
from  transfection,  cells  were  incubated  for  20  min  at  37  °C  in  serum-free 
medium  lacking  phenol  red  and  methionine.  To  the  NEG-772  Easytag 
Express  protein  labeling  mixture,  L-[35S]methionine  (1175  Ci/mmol; 
PerkinElmer  Life  Sciences)  was  added  at  80  juCi/dish,  and  cells  were 
incubated  for  20  min  at  37  °C.  The  medium  was  changed  to  serum-free 
without  phenol  red  and  containing  2  mM  cold  methionine  and  1  nM 
testosterone,  and  cells  were  incubated  for  the  indicated  times.  At  each 
time  point  the  medium  was  replaced  on  all  plates.  At  the  indicated 


times,  cells  were  washed  and  harvested  in  phosphate-buffered  saline 
and  lysed  in  freshly  prepared  RIPA  buffer  (1  ml/dish)  containing  1% 
Triton  X-100, 1%  deoxycholate,  0.1%  SDS,  0.15  m  NaCl,  5  mM  EDTA,  50 
mM  Tris-HCl,  pH  7.4,  proteinase  inhibitor  mixture  (Roche  Applied  Sci¬ 
ence),  1  mM  dithiothreitol,  and  1  mM  phenylmethylsulfonyl  fluoride 
(Sigma).  Cell  extracts  were  incubated  with  25  /ug  of  AR52  IgG  antibody 
and  10  ju.1  of  protein  A- agarose  beads  (Sigma)  for  2  h  at  4  °C.  Affinity 
beads  were  centrifuged  and  washed  with  RIPA  buffer,  and  protein  was 
eluted  in  50  /nl  of  sample  buffer  containing  4%  SDS,  20%  glycerol,  0.2% 
2-mercaptoethanol,  and  20  mM  Tris-HCl,  pH  6.8,  and  separated  on  10% 
acrylamide  gels  containing  SDS.  The  gel  proteins  were  transferred  to 
nitrocellulose  membranes  and  exposed  to  x-ray  film.  Degradation  half¬ 
times  were  determined  from  semi-logarithmic  plots  of  optical  density  of 
the  scanned  AR  bands  versus  time  and  are  expressed  as  the  mean  half¬ 
time  and  standard  error  to  reduce  AR  levels  by  50%  from  three  inde¬ 
pendent  experiments. 


6650  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  281  -NUMBER  10- MARCH  10,2006 

yvvw 


Androgen  Receptor  Mutations  at  theAF2-Ligand  Boundary 


RESULTS 

Rapid.  Dissociation  of  Bound  Androgen  Correlates  with  Reduced  AR 
Activity  in  Vivo — The  relationship  between  androgen  dissociation  rate 
and  AR  functional  activity  was  investigated  by  characterizing  naturally 
occurring  ligand  binding  domain  germ  line  mutations  in  AF2  and  flank¬ 
ing  regions  that  cause  partial  or  complete  AIS.  AR  mutations  L712F, 
F725L,  Q733H,  I737T,  G743V,  V889M,  and  I898T  result  from  single 
base  changes  in  the  coding  sequence.  Equilibrium  binding  affinities  (Kd) 
for  [3H]R1881  (a  synthetic  androgen)  were  similar  to  that  of  wild-type 
AR  (Table  1).  Representative  Scatchard  plot  analysis  of  the  AR  AIS 
mutants  is  shown  in  Fig.  1,  A  and  B.  On  an  AIS  grading  scale  of  1-7  (9), 
the  46, XY  genetic  males  had  phenotypes  that  ranged  from  the  mildest 
grade  1  with  normal  male  external  genitalia  and  gynecomastia  (I737T), 
moderate  grades  3-5  with  ambiguous  genitalia  (F725L,  I737T,  G743V, 
Q733H,  and  L712F),  and  complete  AIS  grade  6  with  external  female 
phenotype  (I898T  and  V889M)  (9). 

The  dissociation  half-time  (fy)  of  [3H]R1881  for  full-length  wild-type 
AR  expressed  in  COS  cells  at  37  °C  was  107  min  (Table  1).  More  rapid 
androgen  dissociation  was  observed  for  AR  with  mutations  F725L  and 
I737T  (ty  =  81- 86  min),  G743V,  Q733H,  and  L712F  (iy  =  26-58  min), 
and  I898T  and  V889M  (Fy  =  9-21  min)  (Fig.  2 A).  Mean  half-times  of 
[3H]R1881  dissociation  (Table  1)  suggest  that  faster  androgen  dissocia¬ 
tion  correlates  with  a  more  severe  AIS  phenotype.  By  comparison,  AF2 
charge  clamp  mutation  K720A  did  not  alter  androgen  dissociation, 
whereas  E897K  caused  more  rapid  androgen  dissociation.  Neither 
charge  clamp  mutation  has  been  reported  in  AIS. 

Androgen  dissociation  rates  were  also  measured  for  AR-(507-919), 
an  AR  DNA  and  ligand  binding  domain  fragment  that  lacks  the  NH2- 
terminal  region.  Androgen  dissociation  from  AR-(507-919)  (Fy  =  33 
min)  is  ~3  times  faster  than  from  full-length  AR  (Table  1),  reflecting  the 
absence  of  the  N/C  interaction  (14).  Apparent  equilibrium  binding 
affinity  of  AR-(507-919)  for  [3H]R1881  is  nevertheless  similar  to  that  of 
wild-type  full-length  AR  (20).  Naturally  occurring  mutations  can  there¬ 
fore  alter  androgen  dissociation  kinetics  through  different  mechanisms. 
Mutations  in  AF2  can  directly  interfere  with  FXXLF  motif  binding  in  the 
N/C  interaction,  alter  a  ligand  entry  and  exit  gateway,  or  have  indi¬ 
rect  effects  through  structural  changes  in  AF2  and  the  ligand  binding 
pocket.  Studies  using  AR-(507-919)  allowed  us  to  distinguish  these 
possibilities. 

Androgen  dissociation  from  AR-(507-919)  containing  F725L,  I737T, 
or  Q733H  (Fy  =  30-38  min)  was  similar  to  that  of  wild-type  AR-(507- 
919)  (Fig.  2 B  and  Table  1),  indicating  this  subgroup  of  AR  mutations  in 
AIS  does  not  directly  alter  ligand  entry  or  exit  from  the  binding  pocket. 
AR-(507-919)  containing  G743V  or  L712F  increased  androgen  disso¬ 
ciation  (fy  =  19  -20  min),  and  I898T  and  V889M  caused  the  most  rapid 
rates  of  androgen  dissociation  (Fy=  4- 6  min)  (Fig.  2 B  and  Table  1)  (10). 

The  results  suggest  that  F725L,  I737T,  and  Q733H  located  in  helices 
3-5  alter  ligand  dissociation  indirectly  in  the  ligand  binding  pocket 
through  changes  at  the  AF2  surface  that  interfere  with  the  N/C  inter¬ 
action.  This  subgroup  of  mutations  cause  partial  AIS  with  phenotypic 
variation  (Table  1).  The  rapid  androgen  dissociation  rate  of  AR-(507- 
919)  I898T  suggests  AF2  residue  Ile-898  also  impacts  the  ligand  binding 
pocket  from  the  AF2  surface.  The  fast  androgen  dissociation  caused  by 
V889M  in  the  11/12  loop  at  the  base  of  helix  12  outside  the  ligand 
binding  pocket  suggests  Val-889  is  involved  as  gatekeeper  for  ligand 
entry  and  exit.  Both  I898T  and  V889M  caused  grade  6  complete  AIS. 

AR  AF2  Mutations  That  Cause  AIS  Interfere  with  AR  FXXLF  and 
Coactivator  LXXLL  Motif  Binding — A  mammalian  two-hybrid  assay 
revealed  that  these  AR  AIS  AF2  mutations  inhibited  FXXLF  and  LXXLL 
binding  to  a  similar  extent.  GAL-AR-(624-919)  containing  the  AR 


A.  AR1-919 


B.  AR507-919 


FIGURE  2.  Increased  androgen  dissociation  of  AR  AIS  mutations.  Dissociation  rates  of 
[3H]R1 881  were  measured  at  37  °C  in  cultured  COS  cells  transiently  expressing  wild-type 
(1/1/7)  and  mutant  AR  and  AR-(507-919)  as  described  under  "Experimental  Procedures."  A, 
representative  data  are  shown  as  indicated  for  full-length  WT  AR  (AR-(1  -91 9))  and  AR  AIS 
mutants  I737T,  G743V,  F725L,  Q733FI,  L712F,  I898T,  and  V889M.  B,  representative  data 
are  shown  as  indicated  for  AR-(507-91 9),  a  DNA  and  ligand  binding  domain  fragment, 
with  WT  sequence  and  AR-(507-91 9)  mutants  I737T,  F725L,  Q733H,  L71 2F,  G743V,  I898T, 
and  V889M.  Dissociation  half-times  (see  Table  1 )  were  calculated  from  three  independ¬ 
ent  experiments  and  are  the  mean  times  required  for  50%  reduction  in  binding  activity. 

ligand  binding  domain  was  coexpressed  with  VP-AR-(l-660)  contain¬ 
ing  AR  NH2-terminal  FXXLF  motif  sequence  23FQNLF27  (Fig.  3 A)  or 
VP-TIF2-(624-1287)  containing  the  three  LXXLL  motif  regions  of 
TIF2  (Fig.  3 B).  Relative  to  the  wild-type  AR  ligand  binding  domain  inter¬ 
action,  only  5-30%  luciferase  activity  remained  for  the  AIS  mutants  in 
the  presence  of  0.1  and  1  nM  DHT.  Similarly,  charge  clamp  mutation 
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A.  VPAR1-660  +  G AL-AR624-91  9 


GAL-AR624-91 9-  KA  EK  LF  FL  IT  GV  IT  QH  VM 
720  897  712  725  737  743  898  733  889 


B.  VP-TIF2-624-1287  +  GAL-AR624-91  9 


720  897  712  725  737  743  898  733  889 


FIGURE  3.  Effect  of  AIS  and  charge  clamp  mutations  on  AR  FXXLF  and  TIF2  LXXLL 
motif  binding  to  AF2  in  the  AR  ligand  binding  domain.  In  two-hybrid  interaction 
assays,  HeLa  cells  (50,000  cells/well  of  1 2-well  plates)  were  transfected  using  Effectene  or 
FuGENE  with  0.1  pg/well  5XGAL4Luc  reporter  vector.  A,  VP-AR-(1  -660)  (50  ng/well)  con¬ 
taining  the  VP  16  transactivation  domain  and  AR  NH2-terminal  and  DNA  binding  domain 
residues  1-660  was  transfected  with  the  indicated  GAL-AR-(624-919)  mutants  (50 
ng/well)  containing  the  AR  ligand  binding  domain  with  wild-type  sequence  or  the  indi¬ 
cated  mutation.  B,  VP-TIF2-(624-1 287)  (50  ng/well)  containing  the  VP1 6  transactivation 
domain  and  the  TIF2-(624-1287)  three  LXXLL  motif  region  was  transfected  with  the 
indicated  GAL-AR-(624-919)  mutants  (50  ng/well).  Transfected  cells  were  incubated  for 
24  h  in  the  absence  and  presence  of  0.1  and  1  nMDHT.  Shown  is  the  mean  percent  activity 
and  error  of  the  GAL-AR-(624-929)  mutants  compared  with  the  activity  of  wild-type 
GAL-AR-(624-929)  from  at  least  four  independent  measurements. 


E897K  disrupted  both  FXXLF  and  LXXLL  motif  binding,  whereas 
K720A  selectively  inhibited  LXXLL  motif  binding. 

Structure  Analysis  and  Predictions for  AR  Mutations  in  AIS — Cocrys¬ 
tal  structures  of  the  R1881-AR  ligand  binding  domain  complex  bound 
to  the  FXXLF  or  LXXLL  motif  peptide  demonstrated  similar  yet  distinc¬ 
tive  properties  (13).  The  sites  of  5  of  the  7  residues  mutated  in  AIS  lie  in 
close  proximity  to  the  bound  FXXLF  peptide  ( magenta  in  Fig.  4  and  5)  or 
LXXLL  peptide  (not  shown).  Interatomic  distances  between  wild-type 
residues  mutated  in  AIS  ( cyan  in  Figs.  4  and  5)  and  the  bound  FXXLF  or 
LXXLL  peptide  motifs  are  summarized  in  Table  2. 

Our  structural  analysis  began  with  mutations  near  the  Phe-23  i  +  1 
residue  of  FXXLF  that  cause  a  spectrum  of  AIS  phenotypes  (Table  1),  where 
i  +  1  to  i  +  5  designate  residues  of  the  FXXLF  and  LXXLL  motifs.  AF2 
residues  Leu-712  (helix  3,  H3),  Ile-737  (H4),  and  Ile-898  (H12)  form  a  close 
hydrophobic  cluster  (designated  AIS  group  1)  proximal  to  i  +  1  nearest  the 
ligand  binding  pocket  (Figs.  4  and  5 A).  AIS  group  1  mutations  weakened 


FIGURE  4.  Wild-type  AF2  and  ligand  binding  pocket  region  of  the  AR  ligand  binding 
domain  bound  with  R1881  and  AR-120-30)  FXXLF  peptide  (Protein  Data  Bank 
access  code  1XOW).  Ribbon  rendering  is  used  to  represent  the  ligand  binding  domain 
(translucent  yellow  backbone)  and  AR  FXXLF  peptide  20RGAFQNLFQSV30  (translucent 
magenta  backbone  with  opaque  magenta  side  chains  for  Phe-23,  Leu-26,  and  Phe-27). 
Wiid-type  AR  side  chains  altered  in  AIS  [cyan]  and  prostate  cancer  ( orange }  are  illustrated 
along  with  charge  clamp  residues  Glu-897  (translucent  red  backbone,  yellow  side  chain, 
and  red  oxygen)  and  Lys-720  (translucent  blue  backbone,  yellow  side  chain,  and  blue 
nitrogen),  ligand  binding  pocket  residues  Asn-705,  Trp-741,  Met-745,  Arg-752  [gray  side 
chains,  blue  nitrogen,  red  oxygen,  and  orange  sulfur),  and  R1881  ( green  carbon  and  red 
oxygen). 


motif  binding  and  caused  faster  androgen  dissociation  kinetics,  both  of 
which  interfere  with  AR  activity  in  vivo  as  evidenced  by  the  AIS  phenotype. 

L712F  in  helix  3  increased  androgen  dissociation  from  full-length  AR, 
with  a  half-time  similar  to  that  of  AR-(507-919)  with  the  same  muta¬ 
tion.  This  suggests  the  principal  effect  of  L712F  is  to  disrupt  favorable 
FXXLF  motif  binding  to  AF2,  with  secondary  effects  in  the  ligand  bind¬ 
ing  region.  Leu-712  is  4.1  A  from  Phe-23  and  3.6  A  from  a  prominent 
helix  5  residue  Trp-7414  situated  above  and  close  to  the  B-,  C-,  and 
D-rings  of  R1881  (Fig.  5 A).  Leu-712  is  surrounded  by  hydrophobic  res¬ 
idues  i  +  4  Leu-26,  Val-716  (H3),  Ile-737  (H4),  and  Met-894  (H12). 
Introduction  of  the  large  phenylalanine  side  chain  by  L712F  potentially 
disrupts  FXXLF  motif  binding  by  directly  altering  favorable  hydropho¬ 
bic  packing  and  contacts  to  Phe-23  and  Leu-26,  thereby  weakening  the 
protection  of  bound  ligand  afforded  by  the  N/C  interaction.  L712F  may 
also  influence  Met-894,  a  residue  adjacent  to  helix  12  residues  Met-895, 
Glu-897,  and  Ile-898,  and  reduce  a  stabilizing  effect  of  helix  12  on  the 
bound  ligand.  Unfavorable  interactions  between  L712F  and  Trp-741 
independent  of  the  N/C  interaction  may  account  for  the  moderately 
faster  ligand  dissociation  from  AR-(507-919)  L712F. 

In  contrast,  I898T  in  helix  12  caused  complete  AIS  and  rapid  andro¬ 
gen  dissociation  from  full-length  AR  and  AR-(507-919).  Ile-898  is  4.4  A 
from  Phe-23  of  the  bound  peptide,  5.3  A  from  Trp-741,  and  is  sur¬ 
rounded  by  Leu-712  (H3),  Gln-738  (H4),  Met-895  (H12),  and  Gln-902 
(H12).  I898T  introduces  a  polar  side  chain  near  residue  Gln-738,  a  side 


4  From  our  original  report  (13),  a  recent  report  (75),  and  as  shown  here,  the  absence  of  a 
C-1 9  methyl  group  in  R1 881  allows  the  Trp-741  and  Met-745  side  chains  to  adopt  a 
conformation  that  differs  from  previously  reported  AR  structures  bound  with  DFIT 
that  has  the  C-1 9  methyl  (34,  38).  In  more  recent  refinements  not  detailed  here,  we 
found  our  R1 881  crystallographic  data  to  be  most  consistent  with  the  Trp-741  side 
chain  conformed  in  roughly  equal  occupancy  with  one  rotamer  very  similar  to  that 
shown  here  with  R1881  and  the  other  similar  to  that  seen  with  DHT.  This  further 
supports  the  ligand-dependent  dynamic  properties  of  Trp-741  in  the  ligand  binding 
pocket. 
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FIGURE  5.  Close  up  views  of  wild-type  AR  AF2 
and  ligand  binding  pocket  bound  with  R1881 
and  AR-120-30)  FXXLF  peptide  (color  scheme 
from  Fig.  4).  A,  wild-type  residue  side  chains  for 
group  1  AIS  mutations  L712F,  I737T,  and  I898T 
near/'-F  1  Phe-23  of  the  23FQNLF27  motif.  Leu-712 
and  lie-898  are  proximal  to  Trp-741,  whereas  the 
more  distal  lie-737  lies  between  Phe-23  and 
Phe-27  as  seen  in  ft  Intermolecular  distances  (A, 
dashed  black  lines)  are  indicated  between  Trp-741 
to  lie-898,  Leu-712,  Met-895,  and  lie-899,  ft  wild- 
type  residue  side  chains  for  group  2  AIS  mutations 
F725L,  Q733H,  and  I737T  near  the  /  +  5  Phe-27  of 
the  23FQNLF27  motif.  Phe-725  and  Gln-733  are 
located  near  the  Lys-720  and  the  carboxyl-termi¬ 
nal  end  of  the  FXXLF  motif,  whereas  lie-737  is  cen¬ 
tered  between  Phe-23  and  Phe-27.  C,  wild-type 
residue  side  chains  for  AIS  mutants  G743V  and 
V889M.  Gly-743  resides  in  helix  5  close  to  Trp-741 
in  the  ligand  binding  pocket  core.  Val-889  in  the 
helix  1 1-12  linker  may  serve  a  gatekeeper  function 
in  a  possible  ligand  gateway  near  helices  3,  6,  11, 
and  12. 


chain  in  wild-type  AR  that  rearranges  to  stack  against  Phe-23  upon 
binding  the  FXXLF  motif.  I898T  may  contribute  to  a  hydrogen  bonding 
network  involving  side  chains  from  Gln-738,  Gln-902,  and  Lys-905 
(H12)  as  evident  in  the  peptide-free  structure  (13).  This  contribution 
may  influence  the  helix  12  equilibrium  to  favor  an  unbound  AF2  with 
reduced  motif  binding  affinity  and  thus  shorten  the  lifetime  of  the 
bound  ligand.  Alternatively,  I898T  may  simply  disrupt  favorable  hydro- 
phobic  contacts  in  the  region  by  presenting  too  much  polarity  in  the 
region  near  Phe-23. 

In  I737T,  threonine  again  replaces  isoleucine.  However,  I737T  is  less 
disruptive  than  I898T  based  on  androgen  dissociation  kinetics  and  the 
AIS  phenotype.  Unlike  Ile-898  and  Leu-712,  Ile-737  is  centered  between 
i  +  1  and  i  +  5  (3.7  A  from  Phe-23  and  3.9  A  from  Phe-27)  and  more 
distant  (6.4  A)  from  Trp-741  in  the  ligand  binding  pocket  compared 
with  Leu-712  (3.6  A)  and  Ile-898  (4.2  A)  (Table  2  and  Fig.  5,  A  and  B). 
I737T  in  helix  4  introduces  a  polar  side  chain  into  a  richly  hydrophobic 
region  comprised  of  Leu-712,  Val-715,  Val-716,  Ala-719,  Phe-725,  Val- 
736,  Leu-812,  Ile-898,  and  the  i  +  1  Phe-23  and  i  +  5  Phe-27  residues. 
The  near  wild-type  ligand  dissociation  half-time  for  AR-(507-919) 
I737T  but  the  faster  dissociation  half-time  for  full-length  AR  I737T 
compared  with  wild-type  AR  suggests  that  I737T  interferes  with  FXXLF 
motif  binding  at  the  i  +  1  and  i  +  5  sites  by  disrupting  local  hydrophobic 
interactions  with  adjacent  AF2  residues  rather  than  greatly  disturbing 
residues  in  the  ligand  binding  domain  interior. 


A  second  AF2  hydrophobic  center  (designated  AIS  group  2)  is  com¬ 
prised  of  residues  Phe-725  (H3'),  Gln-733  (H4),  and  Ile-737  (H4)  from 
AIS  group  1.  These  residues  reside  within  4.6  A  of  /  +  5  of  either  bound 
peptide  near  the  Lys-720  charge  clamp  (Figs.  4  and  SB),  and  Gln-733  and 
Phe-725  are  more  remote  to  the  ligand-binding  site  than  is  Ile-737.  AIS 
group  2  mutations  account  for  reduced  motif  binding  and  shorter 
androgen  dissociation  half-time,  both  of  which  interfere  with  AR  activ¬ 
ity  in  vivo  evidenced  by  the  AIS  phenotype.  AR  F725L  and  I737T  mod¬ 
estly  shortened  the  R1881  dissociation  half-time  compared  with 
Q733H.  The  greater  effect  of  Q733H  may  arise  from  a  change  in  the  3  A 
hydrogen  bond  contributed  by  Gln-733  N-e2  to  the  Leu-728  backbone 
carbonyl,  as  well  as  the  introduction  of  the  polar  aromatic  imidazole  side 
chain  near  i  +  5  Phe-27  and  Phe-725  (Fig.  SB).  F725L  preserves  the 
hydrophobic  character  of  the  region,  even  though  a  large  planar  phenyl 
ring  is  replaced  by  the  smaller  branched  leucine  side  chain  that  would 
alter  the  shape  complementarity  and  regional  hydrophobic  contacts 
between  Phe-725  and  the  i  +  5  site.  Given  their  close  proximity  to  i  +  5 
and  remote  location  to  the  ligand  binding  pocket  and  near  wild-type 
ligand  dissociation  rate  of  AR-(507-919),  AIS  mutations  F725L  and 
Q733H  most  likely  decrease  androgen  retention  times  by  directly  inter¬ 
fering  with  FXXLF  motif  binding  in  the  i  +  5  region. 

The  remaining  two  AIS  mutations,  G743V  and  V889M,  respectively, 
cause  moderately  severe  and  complete  AIS  in  correlation  with  the 
ligand  dissociation  kinetics  in  Table  1.  Gly-743  in  helix  5  located  just 
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outside  AF2  in  the  hydrophobic  core  near  Trp-741,  Met-745,  and  the 
ligand  binding  pocket  (Fig.  5 C)  faces  Val-866  in  helix  10  and  is  sur¬ 
rounded  by  Met-742  (H5),  Val-746  (H5),  Leu-811  (H8),  Val-866  (H10), 
Gln-867  (H10),  and  Ala-870  (H10).  The  2-fold  more  rapid  androgen 
dissociation  half-time  caused  by  G743V  in  full-length  AR  suggests 
destabilization  of  the  ligand  binding  pocket  and  interference  with  ligand- 
dependent  FXXLF  motif  binding.  Replacing  a  flexible  glycine  with  valine 
may  render  helix  5  too  rigid  to  allow  neighboring  core  residues  to  adjust 
and  contact  the  ligand  optimally  or  it  may  simply  destabilize  the  helix  5 
coil  and/or  key  packing  interactions  near  helices  10  and  11. 

Ligand  trafficking  through  an  opening  assembled  by  the  NH2  termi¬ 
nus  of  helix  3,  helix  11,  the  11-12  linker,  and  AF2  helix  12  was  supported 
by  the  effects  of  V889M,  a  mutation  that  caused  complete  AIS.  Val-889 
lies  in  the  linker  region  preceding  the  AF2  helix  12  distant  from  AF2  and 
the  bound  peptide  motif  (Fig.  4  and  Fig.  5Cand  Table  2).  Val-889  is  near 

TABLE  2 

Interatomic  distances  (in  A)  between  bound  AR  FXXLF  peptide,  TIF2 
LXXLL  peptide,  and  AR  Trp-741  to  AR  ligand  binding  domain 
residues 

Interatomic  distances  (A)  are  from  the  AR  FXXLF  peptide,  the  TIF2  third  LXXLL 
peptide,  or  AR  Trp-741  to  the  indicated  ligand  binding  domain  atoms.  The  first 
residue  of  the  FXXLF  or  LXXLL  motif  is  i  4-  1.  Atom  designations  adhere  to  standard 
IUPAC  nomenclature. 


’FXXLF1' 

*1 

i*4 

i*5 

AR74’ 

W 

AR  LBD 

atom 

F23 

A  LBO 

L26 

A  LBD 

F27 

A  LBD 

VV741 

A  LBD 

Androgen 

F725 

C 2 

8.0  CZ 

CD2 

11.9  CE2 

CE1 

4.6  CE2 

CG 

12.7  CE1 

Insensitivity 

Q733 

CE1 

7.7  CB 

CG 

12.4  CB 

CZ 

3.5  OE1 

CG 

16.4  CD 

Syndrome 

1737 

CZ 

3.7  CG2 

CD2 

7.5  CG2 

CE1 

3.9  CD1 

CG 

6.4  CG2 

L712 

CE2 

4.1  CE1 

CD2 

4.6  CG 

CD1 

8.8  CD1 

CD1 

3.6  CD1 

1898 

C01 

3.7  CD1 

CD2 

7.2  CD1 

CB 

9.3  CD1 

CE3 

4.2  CG2 

V889 

C02 

19.0  CGI 

CD2 

19.4  CGI 

CB 

24.2  CGI 

CH2 

11.6  CGI 

G743 

CE2 

13.7  CA 

CD2 

16.4  CA 

CD1 

17.1  CA 

CD1 

8.0  CA 

Charge 

K720 

CZ 

7.7  CD 

CG 

7.9  CD 

CE1 

3.8  CD 

CG 

15.3  CE 

clamp 

O 

2.7  NZ 

E897 

CB 

4.6  CD 

CB 

9.0  CD 

CB 

10.7  CD 

CZ3 

11.0  CD 

N 

3.2  OE2 

Prostate 

V715 

CE2 

7.8  CB 

CD2 

8.0  CB 

CG 

10.7  CB 

CD1 

5.2  CG2 

Cancer 

H874 

CE2 

12.3  NE2 

CD2 

15.8  NE2 

CD1 

16.7  NE 

CE3 

5.5  CD2 

T877 

CD2 

14.6  CG2 

CD2 

16.8  NE2 

CD1 

16.7  NE2 

CZ3 

6.3  CG2 

'-LXXLL'- 

i*1 

i*4 

K5 

AR'*1 

W 

AR  LBD 

atom 

L745 

A  LBD 

L748 

A  LBD 

L749 

A  LBD 

W741 

A  LBD 

Androgen 

F725 

CD2 

9.3  CZ 

CB 

10.6  CE2 

CD1 

4.3  CE2 

CG 

12.3  CZ 

Insensitivity 

Q733 

C02 

8.5  CB 

CB 

11.0  CB 

CD2 

3.7  OE1 

CG 

15.7  CD 

Syndrome 

1737 

CD1 

4.8  CG2 

CB 

8.0  CD1 

CD1 

4.0  CD1 

CG 

6.2  CG2 

L712 

CD1 

4.5  CD1 

CD1 

6.1  CG 

CD1 

9.5  CD1 

CD1 

3.9  CD1 

1898 

CD2 

4.7  CD1 

CD1 

9.0  CD1 

C02 

11.2  C01 

CZ3 

4.1  CG2 

V889 

CD1 

19.6  CGI 

C01 

19.9  CGI 

CB 

25.6  CGI 

CH2 

11.7  CGI 

G743 

CD2 

14.9  CA 

CD1 

17.9  CA 

CD1  1 

17.4  CA 

CG 

7.4  CA 

Charge 

K720 

CD1 

8.8  CD 

CB 

6.4  CD 

CD1 

3.9  CD 

CG 

15.6  CE 

clamp 

0 

3.0  NZ 

0 

2.9  NZ 

E897 
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the  ligand  binding  pocket,  ~6  A  from  D-ring  substituents  of  the  bound 
ligand  and  3.5  A  from  Asn-705,  a  residue  that  hydrogen  bonds  with  the 
ligand  C-17  hydroxyl  group  and  is  adjacent  to  Phe-876  (H10),  Phe-891, 
Leu-880  (Hll),  Leu-701  (H3),  and  Phe-697  (H3).  Methionine  residues 
are  notable  for  their  flexible  and  accommodating  side  chain.  However, 
in  this  case  it  appears  that  the  longer  side  chain  and  large  sulfur  atom  of 
V889M  disturbs  the  largely  hydrophobic  region  and  destabilizes  the 
linker  region  and  equilibrium  position  of  the  AF2  helix  12.  A  key  inter¬ 
action  between  Asn-705  and  the  steroid  D-ring  may  also  be  disrupted 
and  reduce  the  lifetime  of  the  bound  ligand  without  significantly  alter¬ 
ing  the  equilibrium  binding  constant. 

AR  Mutations  in  Prostate  Cancer  Slow  Androgen  Dissociation — Sev¬ 
eral  somatic  mutations  in  prostate  cancer  occur  in  the  AR  AF2  and 
ligand  binding  region  (24).  These  include  V715M  (25),  H874Y  (21,  26), 
T877A  (22, 27),  V730M  (25, 28),  and  R726L  (29).  These  prostate  cancer 
mutations  result  from  single  base  changes  and  do  not  significantly  alter 
the  apparent  equilibrium  binding  affinity  of  [3H]R1881  (Fig.  1C  and 
Table  3).  Valines  715  and  730  are  in  the  hydrophobic  core  of  AF2; 
Arg-726  is  in  the  positive  charge  cluster  flanking  AF2  (4),  and  His-874 
and  Thr-877  are  in  helix  10  adjacent  to  AF2  helix  12.  Neither  V730M 
nor  R726L  change  the  androgen  dissociation  rate,  and  no  difference 
from  wild-type  AR  was  observed  for  AR  R726L  in  two-hybrid  assays  of 
motif  binding  (data  not  shown).  R726L  was  identified  as  a  germ  line 
mutation  in  the  Finnish  population  (29,  30)  and  lacks  a  strict  clinical 
correlation  with  prostate  cancer.  V730M  selectively  increases  SRC1 
LXXLL  motif  binding  (13). 

Remarkably,  three  AR  mutations  in  prostate  cancer,  V715M,  H874Y, 
and  T877A,  slowed  the  dissociation  rate  of  bound  androgen  relative  to 
wild-type  AR  (Fig.  6 A).  The  half-times  of  [3H]R1881  dissociation 
increased  2-fold  from  t\ A  =  107  min  for  wild-type  AR  to  t\ ^  =  207-212 
min  for  AR  V715M,  H874Y,  and  T877A  (Table  3).  Longer  dissociation 
half-times  of  [3H]DHT  and  [3H]testosterone  were  also  observed.  Tes¬ 
tosterone  dissociation  from  AR  H874Y  was  4.5-fold  slower  than  from 
wild-type  AR.  Normally  testosterone  dissociates  ~3  times  faster  than 
DHT  from  full-length  wild-type  AR  (Table  3)  and  is  a  weaker  androgen 
in  vivo  (31). 

The  effects  of  the  mutations  were  also  evident  in  the  absence  of  the 
N/C  interaction  because  they  slowed  the  dissociation  of  R1881  from 
AR-(507-919)  (Fig.  6 B).  Dissociation  half-times  of  [3H]R1881  from 
AR-(507-919)  containing  V715M,  H874Y,  or  T877A  were  ~2-fold  lon¬ 
ger  (ti^  =  60-82  min)  compared  with  the  wild-type  fragment  ( t\ ^  =  31 
min)  (Table  3).  Other  AR  ligand  binding  domain  mutations  reported  in 
prostate  cancer  retained  high  affinity  equilibrium  binding  (8)  but  did 
not  slow  dissociation  of  [3H]R1881.  These  included  G750S  (ti^  =  123 
min),  S782N  (fa^  =  93  min),  A896T  ( t y,  =  88  min),  and  L701H  ( fa ^  =  28 
min).  Thus  a  slower  androgen  dissociation  depends  largely  on  the  posi¬ 
tion  of  the  mutation  in  the  ligand  binding  domain. 


TABLE  3 

[3H]Androgen  dissociation  and  affinity  constants  for  AR  prostate  cancer  mutants 

Helix  position  in  the  ligand  binding  domain  is  indicated  for  the  sites  of  AR  prostate  cancer  mutations.  Half-times  (f^  in  min)  of  [3H]R1881,  [3H]DHT,  and  [3H]  testosterone 
(T)  dissociation  (Diss)  were  determined  at  37  °C  in  COS  cells  for  wild-type  and  mutant  full-length  AR  (amino  acid  residues  1-919).  [3H]R1881  dissociation  was  determined 
for  wild-type  and  mutant  AR-(507-919).  Equilibrium  binding  affinities  ( Kd,  nM)  of  [3H]R1881  for  wild-type  and  mutant  full-length  AR  were  determined  by  Scatchard  plot 
analysis.  Binding  constants  are  the  mean  ±  S.E.  from  three  independent  assays.  Nucleotide  base  changes  are  indicated  for  AR  mutations  in  prostate  cancer. 

Full-length  AR 


AR 

Helix 

Diss  tty  min 

Kd, 

AR-(507-919),  Diss  tiA  min,  R1881 

Codon  change 

R1881 

DHT 

T 
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nM 
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107  ±  5 

206  ±  30 

59  ± 

3 

0.40  ±  0.20 

31  ±  3 
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3 

207  ±  43 

298  ±  78 

101  ± 

5 

0.79  ±  0.25 

70  ±  8 

GTG^ATG 
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10 

212  ±  53 

324  ±  60 

266  ± 

15 

0.56  ±  0.37 

60  ±  7 

CAT— »TAT 
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10 

208  ±  37 

240  ±  48 

143  ± 
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0.75  ±  0.30 

82  ±  12 
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FIGURE  6.  Slower  androgen  dissociation  of 
three  AR  prostate  cancer  mutants.  Dissociation 
rates  of  [3H]R1 881  were  measured  at  37  °C  in  cul¬ 
tured  COS  cells  transiently  expressing  wild-type 
(1/1/7)  and  mutant  AR  and  AR-(507-919)  as 
described  under  "Experimental  Procedures."  A, 
representative  data  are  shown  as  indicated  forfull- 
length  WT  AR  (AR-(1  —91 9))  and  AR  AIS  mutants 
H874Y,  T877A,  and  V71 5M.  B,  representative  data 
are  shown  as  indicated  for  AR-(507-91 9)  with  WT 
sequence  and  AR-(507-919)  mutants  V715M, 
T877A,  and  H874Y.  Dissociation  half-times  (see 
Table  3)  were  calculated  from  at  least  three  inde¬ 
pendent  experiments  and  are  the  mean  times 
required  for  50%  reduction  in  binding  activity. 


FIGURE  7.  Increased  AR  transactivation  of  AR  prostate  cancer  mutants  V715M, 
H874Y,  and  T877A.  A,  CV1  cells  (4.2  X  105/6-cm  dish)  were  transfected  using  calcium 
phosphate  DNA  precipitation  and  per  dish,  100  ng  of  pCMVhAR  with  wild-type  or 
V715M,  H874Y,  orT877A  mutant  sequence,  2  jug  of  pSG5-TRAM1,  and  5  jug  of  PSA-Enh- 
Luc.  Transfected  cells  were  incubated  for  40  h  in  the  absence  and  presence  of  0.01  nM 
DHT  or  testosterone  (7).  B,  HeLa  cells  (5  X  1 04/well  of  1 2-well  plates)  were  transfected 
using  FuGENE  by  adding  per  well,  10  ng  of  pCMVhAR  with  wild-type  or  V715M,  FI874Y,  or 
T877A  mutant  sequence,  0.25  jug  of  PSA-Enh-Luc,  in  the  absence  or  presence  of  50  ng  of 
pSG5-TIF2. Transfected  cells  were  incubated  in  the  absence  and  presence  of  0.1  and  1  nM 
testosterone  (7),  and  luciferase  activity  was  determined.  Luciferase  activities  are  repre¬ 
sentative  of  three  independent  experiments. 


Increased.  AR  Transcriptional  Activity  and  Coactivator  Recruitment — 
The  effects  of  the  prostate  cancer  mutations  on  AR  transcriptional  activity 
were  determined  in  the  absence  and  presence  of  SRC/pl60  coactivator 
coexpression.  With  transient  coexpression  ofpl60  coactivator  TRAM-1  in 
CV1  cells,  AR  V715M,  H874Y,  and  T877A  increased  transcriptional 
activity  relative  to  wild-type  AR  in  response  to  0.01  nM  testosterone 
(Fig.  1A).  Transcriptional  activity  was  also  greater  with  the  more 
potent  androgen  DHT;  however,  the  effects  of  the  mutations  were 
less  evident  in  the  presence  of  DHT.  In  the  absence  of  transient 
coactivator  expression  or  at  higher  levels  of  androgen,  no  major 
differences  in  AR  transcriptional  activity  were  observed  in  CV1  cells 
(data  not  shown).  However,  in  HeLa  cells  that  express  higher  endog¬ 
enous  levels  of  SRC/pl60  coactivators  (32),  prostate  cancer  muta¬ 
tions  V715M,  H874Y,  and  T877A  increased  AR  activity  in  the  pres¬ 
ence  of  testosterone  (Fig.  7 B).  For  AR  V715M,  transcriptional  activity 
also  increased  with  coexpression  of  TIF2.  Increases  in  transcriptional 
activities  of  the  three  mutants  over  wild-type  AR  were  noted  in  both 
cell  lines  in  the  presence  of  1  nM  4-androstene-3,17-dione  (data  not 
shown). 

The  increase  in  AR  transcriptional  activity  and  slower  dissociation  of 
bound  androgen  by  two  of  the  mutants  was  associated  with  increased 
binding  of  the  FXXLF  or  LXXLL  motifs  to  the  AR  carboxyl-terminal 
region  in  GAL-AR-(624-919).  In  two-hybrid  assays,  V715M  and 
H874Y  increased  FXXLF  (Fig.  8A)  and  LXXLL  (Fig.  9 A)  motif  binding 
over  that  of  the  wild-type  AR  in  the  presence  of  DHT  or  testosterone. 
For  the  FXXLF  motif  in  VP-AR-(l-660),  greater  increases  in  binding 
indicative  of  the  AR  N/C  interaction  were  observed  using  0.1  nM  testos¬ 
terone  or  DHT.  For  the  LXXLL  motif  in  VP-TIF2- (624 -1287), 
increases  in  transcriptional  activity  were  apparent  in  response  to  low 
levels  of  androgen.  Increased  FXXLF  and  LXXLL  motif  binding  by  the 
mutants  relative  to  wild-type  AR  was  also  observed  in  response  to  the 
adrenal  androgens,  4-androstene-3,17-dione  and  5a-androstane- 
3a,17j8-diol  (Figs.  8 B  and  9 B).  However,  no  increase  in  motif  binding 
was  detected  with  AR  T877A  in  the  presence  of  these  androgens  (Figs.  8 
and  9). 

Competitive  ligand  binding  assays  confirmed  that  V715M,  H874Y, 
and  T877A  did  not  alter  AR  binding  affinity  for  R1881,  DHT,  testoster¬ 
one,  4-androstene-3,17-dione,  or  5a-androstane-3a,17j3-diol  (Fig.  10). 
However,  as  reported  previously  (21,  27),  LNCaP  cell  line  mutant  AR 
T877A  increased  binding  of  hydroxyflutamide,  estradiol,  and  progester¬ 
one  (data  not  shown). 
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FIGURE  8.  Increase  in  AR  FXXLF  motif  binding  by  prostate  cancer  mutations  V715M  and  H874Y.  HeLa  cells  (5  X  105/well  of  12-well  plates)  were  transfected  using  FuGENE  by 
adding  per  well,  0.1  pg  of  5XGAL4Luc3, 50  ng  of  GAL-AR-(624-929)  containing  wild-type  or  V71 5M,  H874Y,  and  T877A  mutant  AR  ligand  binding  domain,  and  50  ng  ofVP-AR-(l-660). 
Transfected  cells  were  incubated  for  24  h  in  the  absence  and  presence  of  0.1  and  1  nM  DHT  or  testosterone  (7)  (A),  and  with  1  and  10  nM  4-androstene-3,17-dione  (DIONE)  or 
5a-androstane-3a,1 7/3-diol  ( DIOL )  (6).  Luciferase  activity  and  error  are  representative  of  three  independent  experiments. 


AR  transcriptional  activity  can  therefore  increase  as  a  result  of  AR 
mutations  in  prostate  cancer  through  mechanisms  that  include 
increased  FXXLF  and  LXXLL  motif  binding  and  slower  dissociation 
rates  of  bound  androgen.  The  absence  of  a  prominent  increase  in 
FXXLF  or  LXXLL  motif  binding  by  T877A  suggests  it  was  the  structural 
effects  imposed  by  V715M  and  H874Y  rather  than  the  slow  androgen 
dissociation  rate  per  se  that  stabilized  motif  binding. 

TIF2  LXXLL-AR  Chimeras — Previously,  we  showed  that  the  AR  N/C 
interaction  between  the  AR  NH2-terminal  FXXLF  motif  and  AF2  slows 
the  dissociation  of  bound  androgen.  However,  slower  androgen  disso¬ 
ciation  does  not  occur  in  the  presence  of  the  LXXLL  motif  when  AR  was 
coexpressed  with  TIF2  (14)  or  in  LXXLL-AR  chimeras  (18).  Because  the 
V715M  and  H874Y  mutations  increased  AR  FXXLF  and  TIF2  LXXLL 
motif  binding  to  the  AR  carboxyl-terminal  fragment,  we  determined 
whether  LXXLL  motif  binding  influences  androgen  dissociation  of 
these  mutants.  Dissociation  half-times  of  [3H]R1881  were  determined 
for  TIF2-AR  chimeras  in  which  the  AR  NH2-terminal  region  (residues 
1-171)  containing  the  FXXLF  motif  was  replaced  by  the  LXXLL  motif 
region  of  TIF2  (residues  627-780),  and  the  V715M,  H874Y,  or  T877A 
mutation  was  introduced  into  the  ligand  binding  domain  (Table  4).  For 
some  of  the  chimeras,  LXXAA  replaced  the  TIF2  LXXLL  motifs  to 
establish  LXXLL  motif  dependence.  In  others,  AXXAA  replaced  the  AR 
WXXLF  motif  at  residues  433-  437,  a  motif  that  contributes  only  weakly 
to  the  dissociation  rate  of  bound  androgen  (18). 

TIF2-AR  chimeras  with  LXXLL  or  LXXAA  TIF2  sequence  had  faster 
dissociation  half-times  (h^  =  40-48  min)  compared  with  full-length  AR 
(fa^  =  107  min)  (Table  4).  This  reflects  the  absence  of  the  AR  N/C 
interaction  and  a  weaker  interaction  of  LXXLL  motifs  to  AR  AF2.  Intro¬ 
ducing  each  of  the  prostate  cancer  mutations,  V715M,  H874Y,  and 
T877A,  slowed  androgen  dissociation,  but  this  was  independent  of 
LXXLL  motif  binding.  A  notable  exception  was  V715M,  which 
increased  binding  of  LXXAA,  suggesting  this  mutation  alters  motif 
binding  specificity. 


Slow  dissociation  of  androgen  from  the  AR  prostate  cancer  mutants 
therefore  appears  to  result  from  inherent  changes  in  the  ligand  binding 
domain  rather  than  from  increased  coactivator  LXXLL  motif  binding. 
The  mutations  influence  the  AF2  boundary  with  the  ligand  binding 
pocket  to  stabilize  ligand  and  for  two  of  the  mutants,  LXXLL  motif 
binding. 

Increased  Motif  Binding  in  Vitro — GST  affinity  matrix  binding  assays 
were  used  to  examine  further  the  effect  of  the  AR  prostate  cancer  muta¬ 
tions  on  LXXLL  and  FXXLF  motif  binding.  In  this  assay,  the  fourth 
LXXLL  motif  of  SRC1  was  selected  because  of  its  relatively  strong  bind¬ 
ing  to  the  AR  ligand  binding  domain  compared  with  other  LXXLL 
motifs  (33).  35S-Labeled  AR  ligand  binding  domain  fragments 
AR-(624-919)  with  wild-type  or  V715M,  H874Y,  and  T877A  mutant 
sequences  were  incubated  with  GST-SRC1-IV  (SRC1  residues  1139- 
1441)  or  GST-AR-FXXLF  (AR  residues  4-52)  (Fig.  11).  In  the  presence 
of  DHT  or  testosterone,  prostate  cancer  mutants  AR  V715M  and 
H874Y  bound  the  LXXLL  and  FXXLF  motifs  to  a  greater  extent  than  AR 
T877A  or  wild-type  AR.  The  data  support  the  increase  in  intracellular 
LXXLL  motif  binding  shown  in  Figs.  7-9  and  provide  further  evidence 
that  prostate  cancer  mutants  V715M  and  H874Y  increase  LXXLL  and 
FXXLF  motif  binding. 

Structure  Analysis  and  Predictions  for  AR  Mutations  in  Prostate 
Cancer — Structure  of  the  AR  ligand  binding  domain  complexed  with 
R1881  and  FXXLF  or  LXXLL  peptide  was  analyzed  in  light  of  the  AR 
prostate  cancer  mutations.  The  Val-715  side  chain  in  AF2  helix  3  faces 
toward  the  ligand  binding  pocket  and  at  its  closest  distance  is  —5.2  A 
from  Trp-741,4  a  hydrophobic  residue  in  helix  5  that  lies  directly  above 
and  contacts  the  bound  ligand  (Fig.  12).  A  hydrophobic  space  surround¬ 
ing  Val-715  created  by  residues  Leu-712,  Trp-718,  Ile-737,  Trp-741, 
Leu-744,  and  Met-745  appears  to  readily  accommodate  the  V715M 
mutation.  Compared  with  valine,  the  longer,  flexible  methionine  side 
chain  may  better  fill  the  space  and  stabilize  interactions  with  Trp-741, 
possibly  strengthening  interactions  with  the  ligand  that  are  further 
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FIGURE  9.  Increase  in  TIF2  LXXLL  motif  binding 
by  prostate  cancer  mutations  V715M  and 
H874Y.  HeLa  cells  (5  X  105/well  of  12-well  plates) 
were  transfected  using  FuGENE  by  adding  per 
well,  0.1  /xg  of  5XGAL4Luc3,  50  ng  of  GAL-AR- 
(624-929)  containing  wild-type  or  V715M,  H874Y, 
and  T877A  mutant  AR  ligand  binding  domain,  and 
50  ng  of  VP-TIF2-(624-1287).  Transfected  cells 
were  incubated  for  24  h  in  the  absence  and  pres¬ 
ence  of  0.001 , 0.01 ,  and  0.1  nM  DHT  or  testosterone 

(7)  [A),  or  0.1,  1,  and  10  nM  4-androstene-3,17-di- 
one  ( DIONE)  or  5a-androstane-3a,17/3-diol  ( DIOL ) 

(8) .  Luciferase  activity  and  error  are  representative 
of  three  independent  experiments. 


transmitted  toward  the  AF2  floor  through  Ile-898.  Altered  structural 
changes  between  Trp-741  and  AF2  floor  residues  may  enhance  shape 
complementarity  at  the  AF2  floor  and  facilitate  FXXLF  and  LXXLL 
motif  binding. 

Located  in  helix  10,  His-874  is  on  the  opposite  side  of  Trp-741  from 
Val-715  and  farther  from  the  bound  peptides  (Table  2)  but  about  equi¬ 
distant  (5.5  A)  to  Trp-741.  Through  a  conserved  water,  His-874  engages 
in  a  solvent-mediated  hydrogen  bond  to  the  backbone  of  Trp-741  in 
helix  5.  The  H874Y  mutation  provides  more  hydrophobicity  with  a 
longer  hydroxylated  phenyl  ring  that  may  displace  the  conserved  water 
and  directly  hydrogen-bond  to  a  helix  5  backbone  atom.  Direct  hydro¬ 
gen  bonding  could  stabilize  helix  5,  strengthen  interactions  between 
Trp-741  and  the  bound  ligand,  and  transmit  stabilizing  effects  to  the 
AF2  floor  that  enhance  FXXLF  and  LXXLL  motif  binding. 

Helix  10  residues  Thr-877  and  His-874  are  similar  distances  from 
the  AF2-bound  peptide  (Table  2)  and  like  Val-715  are  —5.0  A  from 


Trp-741.  However,  in  contrast  to  Val-715  and  His-874,  Thr-877  has 
direct  contact  with  the  D-ring  hydroxyl  of  bound  DHT  (34)  and 
R1881  (13)  through  a  2.9  A  hydrogen  bond.  In  contrast,  the  slower 
androgen  dissociation  rates  caused  by  T877A  are  associated  with  a 
hydrophilic  to  hydrophobic  residue  change,  loss  of  a  hydrogen  bond  to  the 
ligand,  and  no  substantial  increase  in  FXXLF  or  LXXLL  motif  binding.  It 
therefore  appears  that  T877A  has  a  different  conformational  effect  on  AF2 
than  that  caused  by  the  V715M  and  H874Y  mutations. 

The  data  indicate  that  all  three  AR  prostate  cancer  mutations  that 
slow  the  dissociation  rate  of  bound  androgen  are  positioned  near 
(V715M  and  H874Y)  or  in  (T877A)  the  ligand  binding  pocket  and  may 
influence  the  conformation  of  Trp-741,  a  hydrophobic  residue  that 
directly  contacts  the  bound  ligand.  The  data  suggest  that  V715M  and 
H874Y  impact  not  only  the  ligand  binding  pocket  to  slow  androgen 
dissociation  but  also  the  AF2  binding  surface  to  facilitate  LXXLL  and 
FXXLF  motif  binding. 
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FIGURE  10.  Steroid  binding  specificity  of  AR  V715M,  H874Y,  and  T877A  mutants  in  prostate  cancer.  Competitive  binding  studies  were  performed  in  COS  cells  (4  X 
105/well  of  6  well  plates)  using  the  DEAE-dextran  transfection  method  as  described  under  "Experimental  Procedures"  with  2  /ig/well  pCMVhAR  containing  wild-type  or 
V715M,  H874Y,  andT877A  mutant  sequences.  Cells  were  incubated  with  5  nM  [3H]R1 881  in  the  absence  and  presence  of  increasing  concentrations  of  unlabeled  R1 881  {A),  DHT 
(6),  testosterone  (7)  (C),  4-androstene-3,1 7-dione  (D),  and  5a-androstane-3a,1 7/3-diol  (£).  Shown  are  the  average  percent  competitive  binding  determinations  from  three 
independent  experiments. 


TABLE  4 

[3H]R1881  Dissociation  of  TIF2-AR  prostate  cancer  mutation  chimeras 

Half-times  ( ti ^  in  min)  of  [3H]R1881  dissociation  (Diss)  were  determined  at  37  °C  in 
COS  cells  for  AR  and  TIF2-AR  chimeras  containing  TIF2-(627-780)  LXXLL  motif 
region  expressed  NH2-terminal  in  fusion  proteins  with  AR-(172-919),  with  and 
without  the  V715M,  H874Y,  or  T877A  mutation.  LXXAA  replaced  the  three  TIF2 
LXXLL  motifs,  and  AQNAA  replaced  the  WQNLF  residues  433-437  AR  region. 
The  data  are  the  mean  ±  S.E.  from  three  independent  assays. 


Diss  tifr  min 

AR 

107  ±5 

TIF2(lXm,)3AR-(172-919)-AXXAA 

TIF2(LXYAA)3AR-(172-919) 

48  ±  6 

40  ±  5 

TIF2(LAArLL)3AR-(172-919)-AXArAA-V715M 

TIF2(1XYAA)3AR-(172-919)-V715M 

77  ±  5 

135  ±  24 

TIF2(lXm,)3AR-(172-919)-AXXAA-H874Y 

TIF2(UOfAA)3AR-(172-919)-H874Y 

134  ±6 

137  ±  18 

TIF2(LXXLL)3AR-(172-919)-AXYAA-T877A 

TIF2(LXXAA)3AR-(172-919)-T877A 

126  ±  16 

119  ±  21 

FIGURE  11.  Increased  binding  of  LXXLL  and  FXXLF  motifs  to  AR  prostate  cancer 
mutants  V715M,  H874Y,  and  T877A  in  vitro.  GST  affinity  matrix  binding  assays  were 
performed  using  GST-0  empty  parent  vector  ( lanes  1-4),  GST-SRC1-IV  containing  the 
fourth  carboxyl-terminal  LXXLL ofSRCI  residues  1 139-1441  [lanes 5-8),  and  GST-AR-(4- 
52)  (GST-AR-FXXLF)  containing  the  AR  FXXLF  motif  in  residues  4-52  [lanes  9-12).  GST- 
purified  extracts  were  incubated  with  pcDNA3-HA-AR-(624-919)  with  wild-type  or 
V71 5M(  H874Y,  and  T877A  mutant  sequence  in  the  presence  of  1  /am  DHT  or  testosterone 
(7).  The  bands  represent  35S-labeled  HA-AR-(624-919)  with  wild-type  or  indicated 
mutant  sequence. 


6658  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


VOLUME  281 -NUMBER  10-MARCH  10,  2006 


Androgen  Receptor  Mutations  at  theAF2-Ligand  Boundary 


FIGURE  12.  Close  up  view  of  the  wild-type  AR  ligand  binding  pocket  region  (color 
scheme  from  Fig.  4).  Three  prostate  cancer  mutations,  V71 5M,  FI874Y,  and  T877A,  sur¬ 
round  helix  5  residue  Trp-741,  which  lies  above  R1881  in  the  steroid-binding  site.  The 
V71 5M  mutation  contributes  a  seventh  methionine  to  the  predominantly  hydrophobic 
ligand  binding  pocket.  The  His-874  side  chain  engages  in  a  water  (redsphere)-mediated 
hydrogen  bond  to  the  backbone  of  Tyr-741 .  Residue  Thr-877  and  Asn-705  hydrogen- 
bond  to  the  C-17  hydroxyl  group  on  the  steroid  D-ring.  Intermolecular  distances  (A, 
dashed  black  lines )  are  indicated.  The  backbone  of  nearby  AIS  mutations  are  in  cyan. 

Increased  AR  Stability — The  FXXLF  motif-mediated  AR  N/C  inter¬ 
action  slows  the  dissociation  rate  of  bound  androgen  and  stabilizes 
AR  (11, 18,  35).  This  link  between  androgen  dissociation  rate  and  AR 
stability  is  evident  with  potent  androgens  such  as  DHT  (20)  com¬ 
pared  with  weaker  androgens  such  as  testosterone.  AR  nevertheless 
binds  testosterone  with  an  equilibrium  affinity  similar  to  DHT,  but 
testosterone  dissociates  more  rapidly  and  is  a  less  effective  androgen 
in  vivo  (20,  31).  We  therefore  investigated  whether  slower  dissocia¬ 
tion  of  testosterone  from  the  AR  prostate  cancer  mutants  increased 
AR  stabilization. 

AR  degradation  rates  were  determined  in  COS  cells  at  37  °C  by 
[35S]methionine  pulse-chase  labeling  in  the  presence  of  1  nM  testoster¬ 
one  (Fig.  13).  The  half-time  of  degradation  of  wild-type  AR  {tiA  =  1.8  ± 
0.3  h)  was  faster  than  that  of  AR  V715M  ( 6 A  =  2.8  ±  0.4  h)  and  AR 
H874Y  {UA  =  3.2  ±  0.4  h)  but  similar  to  AR  T877A  (tiA  =  2.0  ±  0.5  h). 
The  results  indicate  that  even  though  all  three  mutations  prolonged  the 
androgen  dissociation  half-time,  only  V715M  and  H874Y  increased  AR 
stability  in  the  presence  of  testosterone. 

DISCUSSION 

Naturally  Occurring  Mutations  A  Iter  the  AR  AF2  and  Ligand  Binding 
Interface — We  have  characterized  naturally  occurring  AR  mutations  in 
the  region  of  the  ligand  binding  pocket  and  AF2  binding  surface  for  AR 
FXXLF  and  coactivator  LXXLL  motifs.  The  mutations  increased  or 
decreased  AR  functional  activity  in  vivo  without  causing  significant 
changes  in  equilibrium  androgen  binding  affinity.  Germ  line  mutations 
in  AF2  that  cause  a  phenotypic  spectrum  of  AIS  increased  the  androgen 
dissociation  rate  and  decreased  AR  FXXLF  and  SRC/pl60  coactivator 
LXXLL  motif  binding  to  AF2.  Conversely,  three  AR  somatic  mutations 
in  prostate  cancer  slowed  the  dissociation  rate  of  R1881  by  2-fold  and 
testosterone  by  up  to  4.5-fold.  Slower  androgen  dissociation  by  the 
prostate  cancer  mutants  was  associated  with  increased  AR  transcrip¬ 
tional  activity,  and  for  AR  V715M  and  H874Y  with  increased  FXXLF 
and  LXXLL  motif  binding  to  AF2.  The  location  and  effect  of  AIS  muta¬ 
tion  V889M  on  ligand  dissociation  suggest  a  hormone  gateway  at  the 
base  of  AF2  helix  12  between  helices  3,  6,  10,  and  12,  where  Val-889 
serves  as  gatekeeper.  Moreover,  the  effects  of  the  AIS  and  prostate  can- 
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FIGURE  13.  Increased  stabilization  of  AR  prostate  cancer  mutants  in  the  presence  of 
1  nM  testosterone.  Wild-type  AR  or  AR  V715M,  H874Y,  and  T877A  in  pCMVhAR  (10 
pg/dish)  were  expressed  in  COS  cells  (1.8  X  1 06  cells/1 0-cm  dish)  using  the  DEAE-dex- 
tran  transfection  method.  Cells  were  placed  in  serum-free  medium  without  phenol  red- 
free  24  h  after  transfection,  and  24  h  after  incubation,  cells  were  incubated  with  80  jllG  of 
[35S]methionine  per  plate  for  20  min  in  the  presence  of  1  nM  testosterone.  Cells  were 
transferred  to  serum-free  medium  containing  2  mM  cold  methionine  and  1  nM  testoster¬ 
one  and  incubated  at  37  °C  for  0, 2.5,  5,  or  8  h  as  indicated.  Cells  were  harvested,  and  AR 
was  immunoprecipitated.  Mean  AR  degradation  half-times  were  determined  as 
described  under  "Experimental  Procedures."  The  x-ray  film  was  exposed  for  3  days  and  is 
representative  of  three  independent  experiments. 

cer  mutations  implicate  Trp-741  as  a  critical  residue  in  a  structural 
interplay  between  AF2,  bound  ligand,  and  residues  neighboring  the 
ligand. 

FXXLF  and  LXXLL  Motif  Binding  to  AF2 — The  AF2  site  in  steroid 
receptors  is  a  hydrophobic  surface  in  the  ligand  binding  domain 
required  for  hormone-dependent  SRC/pl60  coactivator  LXXLL  motif 
binding  (4,  5).  AR  AF2  has  a  higher  affinity  for  the  AR  NH2-terminal 
FXXLF  motif  than  the  coactivator  LXXLL  motifs  (13).  Differences  in  the 
apparent  relative  AR  binding  affinities  for  these  helical  motifs  are  attrib¬ 
uted  in  part  to  flanking  residues  that  interfere  with  motif  binding 
depending  on  peptide  length  (4,  36,  37). 

Structural  studies  have  shown  subtle  induced  fit  differences  between  the 
AR  AF2  binding  surfaces  with  bound  FXXLF  and  LXXLL  peptides  (13).  The 
i  +  1  motif  side  chains  contact  nearly  the  same  side  chains  in  AF2,  as  do  the 
i  +  5  side  chains,  even  with  the  ~2-A  shift  in  relative  position  of  the  two 
bound  peptides.  It  was  therefore  not  unexpected  that  AR  mutations  in  AIS 
and  prostate  cancer  studied  here  had  similar  effects  on  the  two  motifs,  i.e. 
AIS  mutations  decreased  FXXLF  and  LXXLL  binding,  and  two  of  the  pros¬ 
tate  cancer  mutations  increased  binding  of  these  motifs. 

Despite  similarities  in  the  AF2  binding  surface,  it  is  FXXLF  motif 
binding  that  slows  androgen  dissociation  (18).  This  is  evident  by  the  ~3 
times  faster  androgen  dissociation  rate  of  AR-(507-919)  compared  with 
full-length  AR.  AR-(507-919)  retains  high  affinity  equilibrium  andro¬ 
gen  binding  but  lacks  the  AR  NH2-terminal  region  and  thus  lacks  an 
N/C  interaction.  Disrupting  the  AR  N/C  interaction  by  mutations  in  the 
NH2-terminal  FXXLF  motif  (14)  or  FXXLF  motif  binding  of  melanoma 
antigen  gene  protein  MAGE- 11  (36)  also  increases  intracellular  andro¬ 
gen  dissociation. 

The  inability  of  coactivator  LXXLL  motif  binding  to  slow  androgen 
dissociation  from  AR  was  evident  in  previous  studies  where  TIF2  and 
AR  were  coexpressed  (14)  and  from  the  TIF2-AR  chimera  studies 
reported  here.  TIF2-AR  chimeras  with  wild-type  AR  ligand  binding 
domain  had  androgen  dissociation  rates  similar  to  AR-(507-919)  and 
~2.5  faster  than  full-length  AR.  Prostate  cancer  mutations  V715M, 
H874Y,  and  T877A  slowed  androgen  dissociation  in  the  chimeras  but 
not  in  an  LXXLL  motif-dependent  manner. 

Slower  androgen  dissociation  resulting  from  FXXLF  motif  binding  to 
AF2  suggests  that  structural  changes  are  transmitted  from  AF2  to  the 
ligand  binding  pocket.  However,  induced  fit  conformational  changes 
noted  for  the  side  chains  of  AF2  charge  clamp  residues  Glu-897  and 
Lys-720,  along  with  Met-734  and  Met-894  (13,  38),  do  not  visibly  alter 
the  structure  of  the  ligand  binding  domain  core.  Clues  that  Leu-712  and 
Ile-898  serve  as  a  conduit  for  transmission  of  FXXLF  binding  to  the 
ligand  binding  pocket  exist  in  the  ligand  dissociation  and  structural 
data.  Both  L712F  and  I898T  in  full-length  AR  and  AR-(509-919) 
increase  androgen  dissociation.  Leu-712  is  located  4.0  A  and  Ile-898  5.8 
A  from  the  Met-894  sulfur  atom  in  helix  12.  The  fully  engaged  charge 
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FIGURE  14.  Two-state  model  of  steroid  receptor  ligand  binding  and  coactivator 
recruitment.  High  affinity  agonist  binding  induces  subtle  conformational  changes  in 
the  ligand  binding  domain  that  allow  for  FXXLF  or  LXXLL  motif  binding  to  AF2.  A  full 
agonist  effect  requires  slow  ligand  dissociation,  which  is  achieved  as  a  result  of  inherent 
properties  of  the  ligand  [e.g.  DHT  for  AR)  and  is  increased  by  high  affinity  motif  binding  to 
AF2.  In  the  two-state  model,  high  affinity  slow  dissociating  ligands  stabilize  the  active 
closed  state.  Faster  dissociating  ligands  that  are  weaker  agonists  or  antagonists  favor  the 
open  state.  Steroid  receptor  activity  depends  on  an  equilibrium  between  open  and 
closed  states.  Naturally  occurring  AR  AF2  mutations  impact  AR  activity  in  vivo  by  shifting 
the  equilibrium  between  open  and  closed  states  without  altering  equilibrium  agonist 
binding  affinity.  AF2  mutations  that  decrease  AR  transcriptional  activity  and  cause  the 
androgen  insensitivity  syndrome  ( AIS )  favor  the  open  state,  causing  more  rapid  andro¬ 
gen  dissociation  through  effects  at  the  AF2  surface,  at  the  boundary  between  AF2  and 
the  ligand  binding  pocket,  or  more  directly  at  the  ligand  gateway  at  the  base  of  AF2  helix 
12.  In  contrast,  prostate  cancer  mutations  can  increase  AR  transcriptional  activity  by 
favoring  the  closed  state,  slowing  ligand  dissociation  and  improving  FXXLF  (FX)  and 
LXXLL  ( LX)  motif  binding.  The  effect  of  AIS  and  prostate  cancer  mutations  demonstrate 
ligand-dependent  structural  communication  between  AF2  and  the  ligand  binding 
pocket  mediated  by  subtle  changes  that  the  inherent  stability  of  the  ligand  binding 
domain.  The  model  suggests  steroid  receptor  activity  in  vivo  increases  by  prolonged 
retention  time  of  bound  ligand. 

clamp  residues  with  higher  affinity  FXXLF  motif  binding  may  provide  a 
greater  stabilizing  influence  on  helix  12  residues  such  as  Met-894  than 
the  more  weakly  bound  LXXLL  motif  that  lacks  an  NH2-terminal 
hydrogen  bond  to  charge  clamp  residue  Glu-897  (13,  38).  Stabilizing 
effects  passed  from  helix  12  to  Leu-712  and  Ile-898  may  propagate  to 
Trp-741,  which  lies  above  the  ligand  pocket,  resulting  in  slower  ligand 
dissociation. 

In  contrast,  residues  Phe-725,  Gln-733,  and  Ile-737  (group  2) 
mutated  in  AIS  are  situated  near  Lys-720  in  AF2  and  i  +  5  of  FXXLF  and 
are  more  remote  to  the  ligand  binding  pocket.  AIS  mutations  F725L, 
Q733H,  and  I737T  increase  androgen  dissociation  from  full-length  AR 
but  not  from  AR-(507-919),  in  agreement  with  two-hybrid  assays  that 
the  AIS  group  2  mutations  interfere  with  FXXLF  motif  binding.  Aside 
from  the  notable  rearrangement  of  Lys-720,  no  remarkable  structural 
differences  are  seen  between  the  i  +  5  region  and  the  ligand  binding 
pocket  when  FXXLF  is  bound.  This  result  and  their  more  remote  loca¬ 
tion  from  the  ligand  binding  pocket  suggest  that  these  residues,  partic¬ 
ularly  Phe-725  and  Gln-733,  stabilize  AR  primarily  by  maintaining  the 
bound  FXXLF  motif,  which  in  turn  stabilizes  the  ligand  binding  core. 
Residue  Ile-737  lies  closer  to  Trp-741  and  may  more  directly  influence 
the  ligand  binding  pocket  in  response  to  higher  affinity  FXXLF  motif 
binding.  FXXLF  motif  binding  also  influences  the  position  of  the  Met- 


895  side  chain  that  lies  close  to  the  steroid  D-ring,  providing  another 
link  in  the  signal  conduit  between  bound  peptide  and  ligand  binding 
core. 

The  results  from  AR  and  other  steroid  receptors  indicate  that  motif 
binding  must  be  high  affinity  to  prolong  the  half-time  of  ligand  dissoci¬ 
ation.  The  AR  FXXLF  motif  peptide  binds  AF2  with  higher  affinity  than 
the  LXXLL  motif  peptide  (13),  and  it  is  FXXLF  motif  binding  that  slows 
ligand  dissociation  from  AR  (14).  High  affinity  coactivator  LXXLL  motif 
binding  to  estrogen  receptor-ct  AF2  or  in  a  TIF2-glucocorticoid  recep¬ 
tor  chimera  also  slows  ligand  dissociation  (18, 39).  This  suggests  a  recip¬ 
rocal  relationship  in  which  ligand  binding  stabilizes  AF2  for  motif  bind¬ 
ing,  and  high  affinity  motif  binding  slows  ligand  dissociation.  The  lack  of 
large,  defining  motif-specific  structural  differences  in  the  intervening 
region  between  AF2  and  ligand  binding  pocket  supports  the  hypothesis 
that  high  affinity  motif  binding  imparts  subtle  stabilizing  changes  that 
favor  ligand  retention,  the  N/C  interaction,  coactivator  binding,  and 
ultimately  receptor  activity  in  vivo.  Some  of  the  subtle  dynamic  changes 
may  not  be  resolved  in  crystal  structures  due  to  rapid  kinetics  or  to  the 
limitations  of  resolution,  precision  accuracy  in  the  structure  data,  and 
superpositions. 

Slow  androgen  dissociation  caused  by  AR  V715M  and  H874Y  in 
prostate  cancer  is  associated  with  increased  binding  of  the  LXXLL  and 
FXXLF  motifs.  T877A,  on  the  other  hand,  slows  androgen  dissociation 
without  increasing  motif  binding.  This  apparent  disconnect  for  T877A 
indicates  that  androgen  dissociation  slower  than  that  of  wild-type  AR  is 
not  sufficient  to  increase  LXXLL  motif  binding.  The  structural  changes 
from  T877A  appear  to  be  limited  to  the  local  environment  of  the  ligand 
binding  pocket  and  are  not  transmitted  to  neighboring  regions.  Simi¬ 
larly,  the  previously  described  effects  of  V730M  positioned  in  AF2  were 
limited  predominantly  to  the  AF2  surface  because  coactivator  LXXLL 
motif  binding  increased  but  V730M  did  not  alter  androgen  dissociation 
(13).  On  the  other  hand,  V715M  and  H874Y  are  positioned  between 
AF2  and  the  ligand  binding  pocket  and  have  bidirectional  stabilizing 
effects  on  ligand  and  motif  binding.  Each  of  these  four  mutations 
increases  AR  activation  in  response  to  the  weaker  adrenal  androgens. 
Ligand  binding  domain  mutations  in  prostate  cancer  can  therefore 
increase  AR  transcriptional  activity  through  subtle  structural  changes 
that  favor  ligand  binding  and/or  coactivator  recruitment. 

Structures  of  the  AR  ligand  binding  domain  bound  to  R1881  and 
FXXLF  or  LXXLL  motif  peptides  suggest  an  induced  fit  mechanism 
whereby  changes  are  limited  predominantly  to  side  chains  in  the  coac¬ 
tivator  binding  surface  (13).  Equilibrium  androgen  binding  affinity  was 
maintained  by  the  AIS  and  prostate  cancer  mutants  in  this  study,  indi¬ 
cating  absence  of  major  structural  changes  in  the  interior  of  the  ligand 
binding  domain.  We  nevertheless  observed  effects  on  ligand  retention, 
coactivator  recruitment,  and  receptor  activity.  A  recent  computer  sim¬ 
ulation  of  the  glucocorticoid  receptor  (GR)  investigated  the  effects  of 
V571M,  a  residue  in  GR  positioned  three  residues  NH2-terminal  rela¬ 
tive  to  V715M  in  AR.  GR  V571M  increased  transcriptional  activity  and 
binding  specificity  for  aldosterone  (40).  Like  V715M  and  H874Y  in  AR, 
V571M  is  positioned  between  the  coactivator  and  ligand  binding  sur¬ 
faces  in  GR.  The  in  silico  molecular  dynamic  studies  of  GR  V571M 
predicted  changes  of  less  than  0.03  nm,  supporting  increased  coactiva¬ 
tor  recruitment  through  subtle  structural  remodeling  in  AF2. 

A  model  (Fig.  14)  is  suggested  whereby  different  functional  states  of 
the  receptor  arise  from  global  changes  in  structural  stability  of  the  ligand 
binding  domain.  Ligand  binding  increases  AR  stability  that  is  necessary 
for  motif  binding  to  AF2.  Receptor  activity  is  augmented  by  AR  muta¬ 
tions  such  as  V715M  and  H874Y  in  AF2  and  ligand  binding  boundary 
region  that  favor  a  more  stable  structural  state  and  slower  ligand  disso- 
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ciation  and  improved  AR  FXYLF  or  coactivator  LXXLL  motif  binding. 
The  active  state  is  achieved  by  agonist  binding  and  favored  by  mutations 
that  lend  stability  through  mechanisms  such  as  reduced  backbone  fluc¬ 
tuations  and  improved  anchoring  of  helices  3  and  12  as  suggested  for  GR 
V571M  (40).  If  similar  to  GR  V571M,  methionine  in  the  AR  prostate 
cancer  mutant  V715M  might  be  better  accommodated  and  improve  van 
der  Waals  interactions  that  increase  overall  stability  of  the  ligand  bind¬ 
ing  domain.  Increased  inherent  stability  of  the  ligand  binding  domain  by 
prostate  cancer  mutations  enhance  the  AR  response  to  weaker  or  lower 
concentrations  of  androgens.  Mutations  that  decrease  structural  stabil¬ 
ity  of  the  ligand  binding  domain  reduce  receptor  activity  in  response  to 
circulating  androgens  and  cause  AIS.  Single  amino  acid  substitutions 
alter  the  equilibrium  between  the  active  closed  state  and  inactive  open 
state  that  impacts  ligand  and  coactivator  binding  and  ultimately  recep¬ 
tor  activity. 

Increased  Coactivator  Recruitment  in  Prostate  Cancer — A  number  of 
mechanisms  have  been  proposed  to  account  for  AR-mediated  increases 
in  cell  growth  in  prostate  cancer.  These  include  AR  gene  amplification 
(41),  increased  cross-talk  through  growth  factor  signaling  pathways 
(32),  increased  SRC/pl60  coactivator  expression  (42),  and  AR  muta¬ 
tions.  The  reported  AR  mutation  rate  in  prostate  cancer  varies  (43-47) 
with  recent  studies  suggesting  a  frequency  of  —5%  (43,  48-52)  that 
increases  in  later  stages  of  the  disease  following  androgen  withdrawal  or 
anti- androgen  therapy  (48,  53-55).  The  low  incidence  of  AR  mutations 
in  early  stage  clinical  specimens  argues  against  their  role  in  prostate 
cancer  initiation  (54).  On  the  other  hand,  functional  mutations  that 
arise  during  tumor  progression  associated  with  genetic  instability  sug¬ 
gest  positive  selection  for  tumor  cell  survival  (21,  56).  Most  AR  mutants 
in  prostate  cancer  retain  AR  transcriptional  activity  in  response  to  tes¬ 
tosterone  or  DHT,  and  nearly  half  the  reported  mutants  are  active  in 
response  to  a  range  of  ligands,  including  adrenal  steroids  (21,  25,  28,  52, 
57,  58).  AR  mutations  described  here  can  contribute  to  increased  AR 
functional  activity  and  favor  prostate  cancer  cell  survival  and  expansion 
through  mechanisms  that  include  increased  retention  time  of  bound 
androgen  or  other  steroids,  increased  SRC/pl60  coactivator  recruit¬ 
ment,  and  increased  AR  stability. 

The  prostate  cancer  mutations  studied  in  this  report  were  identified 
previously  in  prostate  cancer  specimens  and  cell  lines  (21,  22, 25, 27, 28, 
44,  52,  59).  T877A  occurs  in  the  LNCaP  cell  line  (22, 27)  and  in  multiple 
specimens  of  prostate  cancer  (52).  Thr-877  is  in  the  linker  region  before 
AF2  helix  12  and  in  the  ligand  pocket  close  to  rings  C  and  D  of  the  bound 
steroid.  The  T877A  mutation  increases  the  space  around  the  steroid 
D-ring  to  accommodate  other  steroids,  consistent  with  the  promiscu¬ 
ous  ligand  binding  properties  of  this  mutant  (34,  57,  59  -  62).  His-874  in 
helix  10  is  between  AF2  and  the  ligand  binding  pocket  (61,  63)  above 
rings  C  and  D  of  the  bound  steroid.  H874Y  was  identified  in  the  CWR22 
human  prostate  cancer  xenograft  and  also  displays  reduced  ligand  spec¬ 
ificity  (21).  V715M  is  in  helix  3  at  the  boundary  between  AF2  and  the 
steroid  A-ring  side  of  the  binding  pocket  and  was  identified  in  a  poorly 
differentiated  recurrent  late  stage  prostate  cancer  (25). 

The  similar  effects  of  H874Y  and  V715M  on  androgen  dissociation 
and  FXYLF  and  LXXLL  motif  binding  may  result  from  different  struc¬ 
tural  influences.  H874Y  would  displace  a  conserved  structural  water 
shown  in  Fig.  12,  which  might  allow  direct  hydrogen  bonding  to  the 
helix  5  backbone.  V715M  may  increase  hydrophobic  interactions  to 
stabilize  ligand  binding.  It  is  noteworthy  that  6  other  methionine  resi¬ 
dues  reside  directly  in  the  ligand  binding  pocket  and  that  His-874  and 
Val-715  are  on  opposite  sides  of  AF2,  each  within  ~5  A  of  Trp-741,  a 
hydrophobic  residue  that  contacts  the  ligand  and  has  a  role  in  retaining 
ligand  (10).  H874Y  and  V715M  introduce  extended  hydrophobic  side 


chains  that  improve  interactions  with  Trp-741  that  may  prolong  ligand 
retention  time  by  stabilizing  Trp-741  and  optimizing  contacts  between 
Trp-741  and  the  ligand.  T877A  also  lies  ~5  A  from  Trp-741.  The  sur¬ 
prisingly  well  compensated  alanine  substitution  of  T877A  forfeits  a 
hydrogen  bond  to  the  D-ring  of  testosterone  and  DHT  (34, 64),  support¬ 
ing  the  importance  of  hydrophobic  interactions  in  stabilizing  bound 
ligand.  Interactions  between  Trp-741  and  bound  ligand  may  have  a  role 
in  establishing  the  DHT  and  testosterone  dissociation  rates  from  wild- 
type  AR. 

Prostate  cancers  are  initially  androgen-dependent,  regress  after 
androgen  deprivation  therapy,  and  resume  growth  after  a  period  of 
remission  despite  low  circulating  androgen  (48, 49,  65).  AR  is  expressed 
in  most  recurrent  prostate  cancers  (66)  and  likely  contributes  to  recur¬ 
rent  tumor  growth  (67,  68).  Recent  studies  have  shown  DHT  levels 
decline  in  recurrent  prostate  cancer  tissue  following  androgen  depriva¬ 
tion  therapy,  whereas  testosterone  persists  at  tissue  levels  similar  to 
benign  prostatic  hyperplasia  (69).  AR  mutations  that  slow  dissociation 
of  testosterone  or  weaker  adrenal  androgens  may  stabilize  the  ligand 
binding  domain  and  facilitate  growth  of  recurrent  prostate  cancer 
through  AR  mechanisms  in  concert  with  enhanced  mitogen  signaling. 

Why  DHT  Is  a  More  Potent  Androgen  than  Testosterone — Our  char¬ 
acterization  of  AIS  and  prostate  cancer  AR  mutants  indicates  a  func¬ 
tional  link  between  androgen  dissociation  rate  and  AR  activity  that  par¬ 
allels  the  known  physiological  potencies  of  testosterone  and  DHT.  AR 
binds  these  two  biologically  active  androgens  with  similar  equilibrium 
binding  affinity  ( Kd )  determined  from  the  ratio  of  association  and  dis¬ 
sociation  rate  constants  (31).  Yet  testosterone  dissociates  ~3  times 
faster  than  DHT.  Dissociation  of  both  androgens  is  slowed  by  the  AR 
N/C  interaction  mediated  by  FXXLF  motif  binding  to  AF2,  which 
decreases  AR  degradation  and  increases  androgen-dependent  gene  acti¬ 
vation  (11,  16).  The  importance  of  prolonged  ligand  retention  for  ste¬ 
roid  receptor  activity  is  also  applicable  to  estrogen  receptor- a,  which 
binds  estriol  and  17/3-estradiol  with  similar  high  affinity,  but  like  the 
relationship  between  testosterone  and  DHT,  estriol  dissociates  more 
rapidly  and  is  a  weaker  estrogen  than  17/3-estradiol  (70).  More  recent 
evidence  indicates  that  removal  of  the  ligand-bound  estrogen  recep- 
tor-a  from  chromatin  through  degradation  in  a  transcription-coupled 
manner  is  another  important  mechanism  of  transcriptional  control 
(71,  72). 

A  full  or  amplified  agonist  response  mediated  by  AR  and  perhaps 
other  steroid  receptors  appears  to  depend  on  sufficient  ligand  retention 
time  to  maintain  structural  stability  in  the  ligand  binding  domain.  The 
human  5a-reductase  deficiency  syndrome  indicates  that  DHT  is 
required  for  AR  functional  activity  during  embryonic  development. 
Naturally  occurring  mutations  in  the  human  5a-reductase  type  2  gene 
reduce  the  conversion  of  testosterone  to  DHT,  cause  ambiguous  exter¬ 
nal  sex  phenotypes,  and  reduce  prostate  size  in  46, XY  genetic  males 
(73).  AR  mutations  in  prostate  cancer  can  slow  the  dissociation  of  tes¬ 
tosterone  to  a  rate  similar  to  that  of  DHT,  which  increases  AR  stability 
and  transcriptional  activity  in  response  to  testosterone  or  other  weaker 
androgens  in  this  disease.  Ligand  retention  time  as  a  key  determinant  of 
AR  functional  activity  is  supported  by  the  rapid  dissociation  rates  of 
high  affinity  AR  antagonists  (35). 

Requirements  for  AR  Stabilization — Most  steroid  receptors  are 
degraded  subsequent  to  agonist-induced  gene  activation,  presumably  as 
a  feedback  mechanism  to  limit  the  hormone  response.  AR  appears  an 
exception  because  it  is  degraded  more  slowly  in  the  presence  of  bound 
androgen  (74),  and  stabilization  is  linked  to  increased  transcriptional 
activity  in  vivo.  AR  degradation  increases  in  response  to  mutations  that 
increase  androgen  dissociation  and  cause  AIS  (20).  Conversely,  AR 
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mutations  in  prostate  cancer  can  further  slow  androgen  dissociation, 
stabilize  AR,  and  contribute  to  increased  androgen-dependent  and  -in¬ 
dependent  AR  activity  in  prostate  cancer.  The  cancer-testis  protein 
MAGE- 11  selectively  binds  the  AR  NH2-terminal  FXXLF  motif  and 
competes  for  the  AR  N/C  interaction.  Binding  of  MAGE- 11  relieves  the 
competitive  inhibition  of  SRC/pl60  coactivator  LXXLL  motif  binding 
to  AF2  caused  by  AR  LXXLL  motif  binding  in  the  N/C  interaction, 
thereby  increasing  androgen  dissociation  and  AR  turnover.  As  a  result, 
AR  functional  activity  increases  byway  of  greater  SRC/pl60  coactivator 
recruitment  (36). 

A  number  of  mechanisms  involving  increased  SRC/p  160  coactivator 
recruitment  appear  to  contribute  to  greater  AR  activity  in  clinically 
recurrent  prostate  cancer.  These  include  increased  expression  levels  of 
TIF2  and  SRC1  (42)  and  a  broader  spectrum  of  active  androgens  result¬ 
ing  from  mutations  like  T877A  (21,  27)  and  H874Y  (21,  26)  and  muta¬ 
tions  such  as  V730M  that  increase  coactivator  LXXLL  motif  binding 
without  altering  the  androgen  dissociation  rate  (13).  Here  we  report  that 
AR  mutations  can  provide  inherent  structural  stability  to  the  ligand 
binding  domain,  slow  androgen  dissociation,  and  improve  SRC/pl60 
coactivator  recruitment.  SRC/p  160  coactivator  binding  increases 
receptor-mediated  gene  activation  through  the  recruitment  of  CBP/ 
p300  and  PCAF  for  histone  acetylation  and  chromatin  remodeling. 
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